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En forêt boréale, la température est considérée comme un important facteur abiotique qui 
règle l'activité cambiale et la production des cellules, mais la sécheresse est aussi connue 
pour avoir un effet direct sur la largeur des cernes de croissance. Selon les dernières 
prévisions climatiques, une augmentation de la température de l'ordre de 2 à 6°C est 
attendue avec un effet plus prononcé aux latitudes élevées. Cela favorisera l'évaporation de 
l'eau et la récurrence des phénomènes de sécheresse. Ces changements climatiques 
pourraient avoir une incidence sur la croissance des jeunes plants ainsi que sur les 
mécanismes physiologiques qui y sont associés. Au Canada, une augmentation de la 
mortalité des arbres suite à la sécheresse a déjà été enregistrée dans les dernières 
décennies. Dans un tel contexte, il est donc primordial de comprendre comment et dans 
quelle mesure les jeunes plants réagiront aux stress environnementaux, comme les vagues 
de chaleur et la sécheresse, suite à leur mise en terre. Le but de cette thèse est d’étudier les 
effets de différents régimes thermiques et hydriques sur la croissance radiale et la 
formation du bois de l’épinette noire [Picea mariana (Mill.) BSP] en milieu contrôlé, où 
des conditions environnementales déterminées par des modèles de prévision climatique ont 
été appliquées. Des expériences ont eu lieu durant les saisons de croissance 2010 à 2012 
dans les serres expérimentales de l’Université du Québec à Chicoutimi (Québec, Canada). 
Les plants ont été cultivés à des températures plus élevées pendant le jour et pendant la nuit 
par rapport au contrôle. Les épinettes ont également subi deux différents régimes 
hydriques, soit une irrigation en continu et une période ou des périodes de déficit hydrique 
durant le maximum de croissance. L'activité cambiale, la xylogénèse, les relations 
hydriques, les échanges gazeux, l'assimilation de CO2 et les réserves en amidon ont été 
déterminés chez les jeunes plants d'épinettes noires afin de pouvoir définir les limites 
physiologiques associées à la croissance sous les scénarios climatiques futurs. Les plants 
ont atteint un déficit hydrique sévère lorsqu’ils rejoignaient des valeurs proches de -3 MPa, 
correspondant au point d'entrée de l'air suite à une augmentation des embolies dans le 
xylème. Pendant le déficit hydrique, l'activité cambiale et la formation du bois ont été 
ralenties ou stoppées par le manque d’eau. Après la relance de l'irrigation, la reprise de 
l'activité cambiale s’étendait sur 2 à 4 semaines avec des reprises plus longues à des 
températures plus chaudes. Lors d’une augmentation de la température entre 2 et 6 °C, les 
plants non-irrigués présentaient un taux de mortalité de 5 à 20% respectivement alors que 
la mortalité était près de 0% à température ambiante. De plus, ce pourcentage de mortalité 
était beaucoup plus important lors d'une augmentation de la température de 6°C pendant le 
jour seulement. Les résultats ont permis d’élucider les mécanismes physiologiques qui sont 
impliqués dans la mortalité des jeunes plants comme l’inaccessibilité de l’eau et le manque 
de carbone. 
Chez les plants non-irrigués, une diminution de la densité du bois a été observée. Les sous-
processus associés à la xylogénèse, soit la durée et les taux d’élargissement et de 
déposition de la paroi cellulaire, ont permis de comprendre la mécanique de formation du 
cerne et de la densité sous les différents scénarios climatiques testés. Durant le déficit 
hydrique, le taux d'expansion des cellules a diminué de 28% mais a été compensé par une 
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augmentation de la durée de cette phase qui était 21% plus longue. Similairement, le taux 
de formation de la paroi a été de 37% inférieur chez les plants non-irrigués. Pendant le 
déficit hydrique, la durée de la formation de la paroi a été en moyenne plus courte de 22% 
et 24% à températures plus élevées. La modification des sous-processus durant la 
formation du bois a grandement contribué aux variations de la densité du bois observées 
sous les différentes conditions de stress hydrique et de température. Ces résultats ont 
permis de développer de façon plus approfondie la dynamique de la xylogénèse et de 
mettre en évidence un mécanisme de compensation minimisant les impacts des stress sur 
l’anatomie du bois. Chez les plants non-irrigués, l'effet du stress récurrent a conduit à une 
durée de contraction et d’expansion radiale plus longue dans les cycles diurnes de la tige, 
mesurés à l’aide de dendromètres automatiques. L'intensité et la durée du déficit hydrique, 
combinée à des températures nocturnes plus chaudes, ont une influence importante sur les 
variations radiales de la tige. Cette thèse a permis de mettre en évidence la sensibilité de 
l'épinette noire à la disponibilité hydrique ainsi que la grande plasticité dans les 
mécanismes de formation du cerne. Les processus de formation du bois sont déterminants 
pour la largeur du cerne (xylogénèse) et de sa structure (anatomie du bois), la première 
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1.1 MISE EN CONTEXTE 
Les plus longues séries d’observations mesurées de l’Est du Canada indiquent un 
réchauffement moyen de la température de surface de 2 °C depuis 1876 au Québec (Bonsal 
et al. 2001; Vincent et Mekis 2006; Houle, Moore et Provencher 2007). D’ici 2100, les 
scénarios actuels projettent que les changements climatiques seront responsables d’une 
augmentation globale des températures de 2-4 °C, d’importantes sécheresses dans certaines 
régions (Seager et al. 2007; Christensen et al. 2013; Park et al. 2013), ainsi que de 
l'augmentation de la fréquence et la gravité des sécheresses extrêmes, des extrêmes de 
température et des vagues de chaleur (Sterl et al. 2008; IPCC 2013). Il est connu que ces 
changements climatiques affecteront inégalement les régions des hautes latitudes. En effet, 
au Québec les changements attendu seront plus importants en hiver et au nord du 48
e
 
parallèle (IPCC, 2013; Ouranos, 2014) avec des conséquences sur la composition et la 
croissance des forêts. Dans les dernières décennies, il a été observé que l’augmentation de 
la croissance des forêts dans l’hémisphère nord est en partie attribuable au réchauffement 
du climat (Boisvenue et Running 2006; Bonan 2008). Une étude sur la forêt québécoise 
décrit qu’il y a eu une augmentation du volume de bois marchand de 25 m3/ha en raison du 
réchauffement engendré par les changements climatiques (Rainville et al. 2014). Toutefois, 
les changements dans les températures et régimes de précipitations sont considérés à la 
base de l'augmentation de la vulnérabilité des arbres dans plusieurs écosystèmes (Allen et 
al. 2010a). D’autres études rapportent que la hausse des températures pourrait amplifier les 
effets de la sécheresse sur la mortalité des arbres (van Mantgem et al. 2009; Peng et al. 
2011). 
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Au Québec, le reboisement représente une des stratégies adoptées dans un contexte de 
développement durable, afin de diminuer la pression sur les forêts naturelles et satisfaire 
les besoins économiques (Lamhamedi et al. 2003). En 2007, plus de 34 millions de plants 
produits dans les pépinières gouvernementales ont été mis en terre (MRNF, 2009), mais le 
gouvernement du Québec vise à déterminer la vulnérabilité des jeunes plants destinés au 
reboisement dans le contexte des changements climatiques [PACC 2013-2020, 
Gouvernement du Québec (2012)]. Comme l’épinette noire [Picea mariana (Mill.) B.S.P.] 
est l'une des espèces les plus communes de la forêt boréale du Canada et du Québec, des 
recherches sont souhaitées afin d’intégrer les effets anticipés des changements climatiques 
sur la gestion sylvicole de cette espèce. Il est donc important de déterminer et d’évaluer la 
survie des jeunes plants exposés à certains stress environnementaux, comme la sécheresse 
et les vagues de chaleur, suite à la mise en terre. Ce projet de recherche a pour objectif 
d’étudier les effets de différents régimes thermiques et hydriques sur la croissance radiale 
et la formation du bois de l’épinette noire [Picea mariana (Mill.) B.S.P.] en milieu 
contrôlé, c’est-à-dire où sont appliquées des conditions environnementales déterminées par 
les modèles de prévision climatique. 
1.2 PROBLÉMATIQUE 
La voie pour la circulation de l’eau sol-plantes-atmosphère peut être représentée par une 
série de résistance en phase liquide et vapeur, dans laquelle l’approvisionnement en eau est 
d’une importance centrale pour la croissance et la survie des plantes (Zimmermann et al. 
1994; Tyree 1997). Les modèles climatiques prédisent une plus grande évaporation 
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résultant en une diminution de l'humidité du sol et une augmentation de l'intensité des 
sécheresses (IPCC 2013; Villarini, Smith et Vecchi 2013), se traduisant en une 
modification de la consommation d’eau des plantes. Également les plantes contribuent à la 
réduction de l'eau dans le sol, en absorbant l'eau nécessaire pour la croissance, le 
métabolisme et en faisant du stockage d'eau dans différents compartiments (aubier, parois 
cellulaires, vaisseaux inactifs, cellules vivantes de feuilles, phloème avec ces types de 
cellules et rayons de bois). La tolérance au déficit hydrique dépend de la durée et de 
l’intensité même du déficit (McDowell et al. 2008). La diminution de la pression de 
turgescence hydrostatique dans la cellule induit des réponses de la perception du stress des 
plantes (Savidge 2001). La structure du xylème est donc impliquée dans l’équilibre 
hydrique des plantes et peut être d’une grande importance dans le mécanisme de tolérance 
aux déficits hydriques (Brodribb et Cochard 2009). Cette tolérance des plants dépend aussi 
de la capacité d’établir rapidement un lien fort entre les racines et le sol environnant 
(Bigras et Dumais, 2005). 
Le réchauffement devrait avoir un effet au niveau physiologique sur la photosynthèse et à 
la fois sur la respiration. Les températures élevées pourraient avoir un impact sur la 
photosynthèse à la fois positive et à la fois négative (Way et al., 2008). L'acclimatation de 
la photosynthèse à une augmentation de la température représente un des mécanismes 
positives impliqués dans l’adaptation pour réduire les effets négatifs de cette hausse de 
température (Chaves et al. 2002; Flexas et al. 2004; Chaves, Flexas et Pinheiro 2009). Il 
est connu que chez les semis d'épinettes noires l'acclimatation thermique est causée par une 
réduction de la respiration et des investissements d'azote dans les aiguilles (Way et Sage 
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2008). L'eau constitue également une exigence principale pour la photosynthèse et est la 
principale composante de la majorité des cellules végétales. Les contraintes, imposées par 
le déficit hydrique sur la photosynthèse, ont été traditionnellement considérées en termes 
de limites « stomatique » et « non stomatique » (Gunderson, J. et Wullschleger 2000); de 
sorte que les effets de la sécheresse peuvent être directs (comme la disponibilité réduite de 
CO2 causée par la limitation de la diffusion à travers les stomates et le mésophile) (Flexas 
et al. 2004), ou indirects (sous forme de stress oxydatif) (Chaves et al. 2002; Chaves et 
Oliveira 2004; Chaves, Flexas et Pinheiro 2009). McDowell (2011) suggère que pendant 
un déficit hydrique, la croissance des plantes peut être réduite avant la diminution de 
l’assimilation de CO2. Lorsqu’un déficit hydrique se prolonge, plusieurs interactions 
complexes surviennent pouvant compromettre l’utilisation des réserves par le métabolisme 
et la défense ainsi que pour le maintien de la turgescence des cellules et l’assimilation de 
CO2 (McDowell 2011). Dans des conditions environnementales plus chaudes, l'incapacité 
de balancer le gain de carbone photosynthétique et la perte de carbone par la respiration 
pourrait limiter la croissance des arbres, jusqu'à en compromettre la survie (McDowell 
2011). Toutefois, ces mécanismes de réaction sont encore en discussion et appellent à un 
besoin de recherche. 
Les conditions hydriques ont une grande influence sur les phases de la croissance radiale 
(division et élargissement des cellules) (Abe et Nakai 1999; Abe et al. 2003) et la 
température détermine le début de la croissance (Rossi et al. 2006). Ceci est essentiel à 
considérer afin de séparer les effets interactifs de la hausse des températures et du déficit 
de vapeur de pression d’eau, en parallèle avec la sévérité de la sécheresse dans le sol 
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(Allen et al. 2010b), sur les échanges gazeux du jeune plant (processus stomatique, flux 
d’eau jour-nuit, assimilation du CO2) et sur la croissance radiale. La consommation d’eau 
n’est pas liée seulement à l’anatomie de la feuille, mais aussi à l’anatomie du xylème 
(Sperry et al. 2002; Fichot et al. 2009). L’acclimatation des propriétés structurelles du 
xylème aux sécheresses peut être un mécanisme important permettant aux plants de 
coordonner la quantité d’eau fournie à la canopée avec les conditions environnementales 
(Mencuccini 2003). Toutefois, il manque encore des connaissances sur les effets des 
facteurs de stress environnementaux sur la croissance radiale et la formation du bois chez 
l’épinette noire. 
1.2.1 Facteurs de stress environnementaux sur la croissance et la formation du bois 
Dans les environnements froids, la formation du cerne de croissance est limitée à une 
certaine période de l’année et est sous le contrôle de plusieurs facteurs endogènes, comme 
les glucides (Kozlowski et Pallardy 1997), les hormones, dont l’auxine (Uggla et al. 2001) 
et l’éthylène (Love et al. 2009), l’âge cambial (Rossi et al. 2008a) et les facteurs exogènes, 
comme la température et les précipitations (Deslauriers et Morin 2005; Giovannelli et al. 
2007; Thibeault-Martel et al. 2008). Des études sur le développement intra-annuel du cerne 
de croissance de l’épinette noire en forêt boréale montrent que la période disponible pour 
la formation des cellules du bois est très courte (Deslauriers et Morin 2005; Rossi, 
Deslauriers et Anfodillo 2006; Deslauriers et al. 2008; 2008b; 2009). Chez les arbres 
matures, la majorité du cerne annuel est formé en moins d’un mois et demi, soit entre le 
début juin et la mi-juillet. Le maximum de production cellulaire se produit aux environs du 
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solstice d’été (Rossi et al. 2006). La division cellulaire et l’élargissement des trachéides 
sont des processus influencés par les conditions hydriques (Abe et Nakai 1999; Savidge 
2001). La pression hydrostatique agit sur le cambium, qui règle l’activité mitotique des 
cellules, et sur les cellules en différenciation (Abe et Nakai 1999; Giovannelli et al. 2011; 
Rathgeber et al. 2011). Lors de la première phase de différenciation, avec l’augmentation 
de la turgescence due à l’absorption d’eau dans le cytoplasme, les parois primaires des 
cellules sont étirées et augmentent le diamètre radial et la surface du lumen (Kramer 1964). 
Après la phase d’élargissement, la différenciation cellulaire se poursuit avec la formation 
des parois secondaires. La dernière phase se traduit par la mort cellulaire, c'est-à-dire 
l’autolyse du cytoplasme (Plomion, Leprovost et Stokes 2001; Rathgeber et al. 2011). Le 
processus de différenciation d’une dérivée cambiale nécessite une période allant de 
quelques jours à plusieurs semaines et varie aussi selon les espèces, le type de cellules (par 
exemple, vaisseaux versus trachéides) et le moment du développement au cours de la 
saison végétative (Kutscha, Hyland et Schwarzmann 1975; Rossi et al., 2008b; 2011). 
Des recherches ont démontré qu’un déficit hydrique peut contribuer à ralentir la croissance 
chez les jeunes plantations de conifères (Burdett, Herring et Thompson 1984; Bernier 
1993). Dans les premiers stades d’un déficit hydrique, l’élargissement cellulaire est 
d’abord inhibé et, quand le déficit commence à être plus sévère, la division cellulaire est 
elle aussi inhibée (Abe et Nakai 1999; Abe et al. 2003; Jyske et al. 2010). Cette 
prolongation du déficit hydrique produit une cascade d'interactions complexes pouvant 
compromettre l'utilisation des réserves pour le métabolisme, la défense, le maintien de la 
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turgescence (McDowell, 2011). Toutefois, ces mécanismes de réaction sont encore en 
discussion.  
Une diminution de la disponibilité hydrique conjuguée à des températures plus élevées 
pourrait donc augmenter l'évapotranspiration des plantes et causer un assèchement des sols. 
Ces changements pourraient avoir des conséquences plus marquées sur la croissance des 
forêts. La température est un autre facteur influençant la formation du cerne de croissance. 
La majorité des études traitent de l’importance de la température printanière sur la 
réactivation cambiale après la phase de dormance hivernale (Seo et al. 2008; Thibeault-
Martel et al. 2008; Gruber et al. 2010). La relation entre la croissance et la température de 
l’air n’est pas nécessairement linéaire et elle pourrait dépendre d’un seuil de température 
printanier en dessous duquel les divisions cellulaires ne débutent pas. En effet, selon Rossi 
et al. (2006), un seuil de température relativement constant de 8 °C est nécessaire pour la 
réactivation de la productivité cambiale au printemps, et ce seuil serait commun chez 
plusieurs espèces de conifères des milieux tempérés et boréaux (Deslauriers et al. 2008; 
Rossi et al. 2008b; Swidrak et al. 2011). Chez l’épinette de Norvège (Picea abies), Gričar 
et al. (2007) ont constaté que des températures plus élevées que 8 °C (23-25 °C) ont été 
favorables aux divisions du cambium au tout début de la saison de croissance et les cellules 
en lignification et en maturation ont été observées plus tôt comparativement à des arbres 
soumis à des températures plus basses (9-11°C). Cela nous porte à croire qu’une hausse 
des températures de croissance, prévue par les scenarios des changements climatiques, peut 
engendrer des conséquences significatives sur l’épinette noire, encore plus que ces 
augmentations seront plus rapides pendant la nuit que le jour. À ce sujet, certaines études 
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mentionnent que la formation de la paroi cellulaire est l’un des processus de la croissance 
radiale qui se produit surtout pendant la nuit (Saveyn et al., 2007; Turcotte et al., 2011). 
Dans le même sens, des études plus récents confirment l'hypothèse que les processus de 
croissance se produisent majoritairement pendant la nuit de concert avec l'état hydrique et 
la pression de turgescence (Pantin, Simonneau et Muller 2012; Steppe, Sterck et 
Deslauriers 2015). L'accroissement des températures nocturnes pourrait donc affecter les 
mécanismes physiologiques et affecter le stockage de l'eau pendant la journée. La réponse 
de la dynamique de la région cambiale par rapport aux températures pendant les différentes 
phases de croissance, en combinaison avec un déficit hydrique, reste donc à déterminer. 
1.2.2 La dynamique dans les flux et le stockage d'eau 
Les cycles circadiens de déshydratation et de réhydratation contrôlent le rétrécissement et 
le gonflement des cellules vivantes du phloème, du cambium et du xylème en formation 
(Turcotte et al. 2011). En raison des propriétés élastiques des tissus et selon le continuum 
sol – plante – atmosphère du bilan hydrique des arbres, les cycles circadiens causent des 
variations quantifiables dans la taille de la tige pouvant être mesurées avec des 
dendromètres automatiques (Deslauriers et al. 2003; Giovannelli et al. 2007). Ces derniers 
sont aussi utilisés pour mesurer la variation intra-annuelle de croissance radiale du tronc en 
continu (Deslauriers et al. 2003; Deslauriers, Rossi et Anfodillo 2007; Giovannelli et al. 
2007; Turcotte et al. 2011). Par contre, les mesures fournies par les dendromètres sont 
fortement influencées par la variation de l’état hydrique des tissus, en particulier ceux du 
phloème et du liber (Zweifel et Hasler 2001). En effet, le début de la croissance radiale du 
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tronc au printemps est souvent masqué par la réhydratation de la tige (Downes, Beadle et 
Worledge 1999; Zweifel et Hasler 2001; Mäkinen, Nöjd et Saranpää 2003). Les variations 
radiales de l’épaisseur des tissus du tronc sont à la fois irréversibles (division et 
élargissement cellulaire) et réversibles (cycle journalier d’hydratation et de 
déshydratation). Les semis et les jeunes arbres peuvent être atteint plus rapidement aux 
conditions de stress hydrique, car ils ont une capacité moindre de stocker l’eau dans la tige, 
les feuilles et les racines que les arbres matures. La quantité d’eau stockée que les arbres 
peuvent transpirer dépendra de l’équilibre entre la perte de l’eau de la surface foliaire et 
l’écoulement de l’eau à partir du système conducteur et de la superficie de bois de l’aubier 
(Domec et al., 2012). Les mécanismes d’adaptation aux sécheresses mis en place dans un 
court, moyen et long terme pourrait être à la fois physiologiques (i.e. contrôle stomatique, 
ajustement osmotique) et à la fois morphologiques (i.e. changements dans le taux de 
croissance, surface foliaire) (Domec et al., 2012). Toutefois, ces aspects ne sont pas 
toujours faciles à identifier en milieu naturel. Cependant, il est connu que lors des 
sècheresses, la coordination entre l’approvisionnement en eau, la surface foliaire et la 
surface de l’aubier et la transpiration foliaire est l’élément nécessaire pour maintenir 
l’efficacité du système hydraulique (Mencuccini, 2001). Dans les environnements 
méditerranéens, il est connu que des variations dans les cycles circadiens d’hydratation et 
déshydratation sont observables pendant une sécheresse estivale (Vieira et al. 2013). Il y a 
présentement un nombre limité d’études concernant la réponse des jeunes arbres en milieu 
contrôlé, ainsi que la dynamique de la croissance intra-annuelle des jeunes arbres suivis 
avec les dendromètres automatiques.  
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1.2.3 Effets de la température et du déficit hydrique sur la structure du xylème : 
implications sur la fonctionnalité du système 
La sécheresse estivale a un effet sur la largeur des cernes de croissance (Eilmann et al. 
2006; 2011) causant une diminution des diamètres des cellules (Abe et al., 2003) et ce, 
expliqué par le contrôle direct de la disponibilité en eau requise par l’activité cambiale 
(Steppe et al. 2006; Zweifel et al. 2006). Ces réductions de la croissance radiale dépendent 
d'une diminution du nombre de cellules (Rossi et al. 2009) ou de la production de 
trachéides plus petites lors de périodes estivales sèches (Corcuera, Camarero et Gil-
Pelegrín 2004). De plus, l’effet d’un déficit hydrique peut aussi affecter les propriétés des 
trachéides et par le fait même, du bois. Le diamètre cellulaire et le diamètre et l'épaisseur 
de la paroi sont d'importantes propriétés des trachéides qui influencent la densité du bois 
(Rathgeber, Decoux et Leban, 2006). En effet, cette dernière est un trait fonctionnel 
important et dépend de la proportion du bois final et du diamètre des trachéides du bois 
initial. Il est connu qu'une augmentation de la densité du bois est provoquée par 
l'épaississement des parois cellulaires et la diminution du diamètre radial des cellules 
(Nicholls 1984; Rathgeber, Decoux et Leban, 2006). De plus, les propriétés hydrauliques 
du xylème sont liées à certaines caractéristiques anatomiques, par conséquent à la densité 
du bois (Rathgeber, Decoux et Leban, 2006). Rossi et al. (2009) ont observé que la réponse 
des semis d’Abies balsamea à une période de 20 jours de déficit hydrique consistait en une 
réduction de 50% de la surface du lumen et du diamètre des trachéides et aussi une 
augmentation de l’épaisseur des parois cellulaires du bois final. Parallèlement, une autre 
étude sur Picea abies a montré que l’exclusion d’eau de pluie, durant 60-75 jours pendant 
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cinq ans, a provoqué une augmentation de la densité du bois (Jyske et al. 2010). Suite à ces 
changements au niveau de l’anatomie et de la densité du bois, il faut souligner qu’il peut y 
avoir des variations dans les propriétés du xylème et l’efficacité d'utilisation de l’eau. Les 
ajustements physiologiques et fonctionnels déterminent le caractère adaptatif d'une espèce, 
par exemple, une réduction de la surface foliaire, une réduction de la conductivité 
stomatique ou, encore, une perte de conductivité (Corcuera, Camarero et Gil-Pelegrín 
2004). Celle-ci est considérée comme une propriété hydraulique, liée à la vulnérabilité à la 
cavitation et par conséquent à la sécheresse (Brodribb et Cochard, 2009). Des études sur 
des espèces ligneuses des régions arides de l'Ouest américain et de l'Asie centrale ont 
démontré que la réduction de la dimension des cellules et l'augmentation de la densité du 
bois correspondent à une plus grande efficacité d'utilisation de l'eau (Kocacinar et Sage 
2004). Toutefois, l'effet est différent pour les feuillus de la Méditerranée où les sécheresses 
extrêmes causant une réduction des diamètres des vaisseaux sont responsables d'une 
diminution de la conductance hydraulique, de la surface foliaire et du rapport surface 
foliaire : aubier (Corcuera, Camarero et Gil-Pelegrín 2004). Toutefois, il reste à déterminer 
les effets conjoints d’un déficit hydrique et d’une augmentation de la température sur 
l’anatomie, la formation du bois et la densité du bois à des latitudes élevées. 
En résumé, les effets de la sècheresse et de l’augmentation de la température sur la 
formation et la densité du bois sont peu connus sur les espèces boréales. L’épinette noire 
est l'une des espèces commerciales les plus communes et importantes dans l’est du Canada 
(Gagnon et Morin 2001). En raison des implications écologiques et socio-économiques 
considérables, une évaluation plus détaillée du rôle de ces facteurs environnementaux est 
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nécessaire afin de comprendre de quelle façon la phénologie du cambium, la xylogénèse et 
la densité du bois de l’épinette noire pourraient se modifier dans les années à venir en lien 
avec les changements climatiques. 
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1.3 APPROCHE MÉTHODOLOGIQUE 
Cette thèse aborde pour la première fois les effets combinés des stress abiotiques du déficit 
hydrique et de l'augmentation de la température en utilisant des expériences effectuées en 
milieu contrôlé. Ce projet a été réalisé sur des jeunes arbres d’épinettes noires (Picea 
mariana) de 4 ans et s'est déroulé dans un complexe de serres de recherche comprenant 
trois zones complètement indépendantes et gérées individuellement par un système de 
contrôle (Priva Maximizer) (Tableau 1.1).  
Au printemps de chaque année et pendant 3 ans, 1104 jeunes arbres d’épinettes noires en 
racines nues ont été transplantés dans des pots en plastique (volume 4.5 l) remplis de 
mousse de tourbe de sphaigne avec perlite et vermiculite. Les jeunes arbres ont été cultivés 
à l’extérieur pendant chaque été précédant l’année d’expérience (Tableau 1.1). Le 
printemps suivant, les pots ont été irrigués par un système d’irrigation à gouttes et répartis 
dans les trois différentes zones du complexe de serres. Les plants ont été maintenus à la 
capacité au champ, afin de prévenir l’état des sols anaérobies en fournissant une quantité 
d’eau égale au poids des pertes quotidiennes, soit de 500 ml d’eau par plant par jour. 
Chaque semaine durant environ 6 mois, 36 semis ont été récoltés (3 traitements de 
température  2 traitements hydriques  6 semis pris au hasard). Ceci représente au total 
900 semis (25 semaines  36 semis) (Tableau 1.1, Figure 1.1). 
La zone contrôle de la serre a été maintenue à une température similaire à la température 
externe, alors que les deux zones traitées (Figure 1.1) ont subi une augmentation de la 
température par rapport à la zone contrôle (Tableau 1.1, Figure 1.1). Les modifications de 
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la température ont été réalisées d’avril à novembre en suivant les températures normales 
historique pour la région du Saguenay (Figure 1.2), pendant une période de croissance plus 
longue de trois mois que celle observée pour l’épinette noire à la même latitude (Dufour et 
Morin 2006; Thibeault-Martel et al. 2008). Durant la première année, la modification de la 
température dans les zones réchauffées (Figure1.1), par rapport à la zone contrôle, a été 
appliquée durant toute la journée. La deuxième et la dernière année, la modification de la 
température a été produite seulement la nuit, du coucher du soleil à l’aube. Pour 
l’application de l'irrigation, les plants de chacune des zones ont été divisés en deux régimes 
différents. La moitié des plants, les témoins, ont été maintenus à la capacité du champ 
pendant toute la période de croissance. Le déficit hydrique a été réalisé sur la deuxième 
moitié des plants en cessant l’irrigation pendant une période variant entre deux semaines et 
un mois durant les deux premières années. La troisième année, trois cycles de déficit 
hydrique ont été effectués en correspondance avec trois phases de différenciation des 
trachéides (division cellulaire, élargissement et lignification). 
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Tableau 1.1 Brève description des expériences réalisées durant cette thèse avec leurs chapitres respectifs dans lesquels elles sont 
présentées en détail. Toutes les expériences ont été réalisées en milieu contrôlé aux serres de l’Université du Québec à 
Chicoutimi (48°25′N, 71°04′W, 150 m au niveau de la mer) sur l’épinette noire [Picea mariana (Mill.) B.S.P.]. 
Expérience Traitement Durée de 
l’expérience 
Chapitre 
Effets du réchauffement et du 
déficit hydrique sur l’activité 
cambiale et la formation du 
bois 
Contrôle 
Réchauffement de +2 et +5 °C 
1 déficit hydrique de 32 jours 
 
6 mois en 2010 II 
Effets du déficit hydrique et du 
réchauffement sur la survie 
des plants et les 
caractéristiques du bois 
1 déficit hydrique de 25 jours 
Contrôle 
Réchauffement de +6 °C le jour 
Réchauffement de +6 °C la nuit 
6 mois en 2011 III 
L’atténuation des effets du 
déficit hydrique et du 
réchauffement par des 
mécanismes compensatoires 
1 déficit hydrique de 25 jours 
Contrôle 
Réchauffement de +6 °C le jour 
Réchauffement de +6 °C la nuit 
6 mois en 2011 IV 
Effets combinés de la 
sécheresse et du réchauffement 
nocturne et diurne sur les 
variations radiales des tiges 
Contrôle 
Réchauffement de +6 °C le jour 
Réchauffement de +6 °C la nuit 
1 déficit hydrique de 25 jours 
3 cycles de déficit hydrique 
6 mois en 2011 










Figure 1.1 Design expérimental des expériences réalisées durant cette thèse. Toutes les 
expériences ont été réalisées en milieu contrôlé aux serres de l’Université du Québec à 
Chicoutimi (48°25′N, 71°04′W, 150 m au niveau de la mer) sur l’épinette noire de 4 ans 
[Picea mariana (Mill.) B.S.P.]. Ces expériences correspondent à 3 traitements de 
température  2 traitements hydriques sur 6 semis/chapelle pris au hasard à chaque 
semaine parmi 1104 épinette. T0 correspond à la température contrôle, les autres deux 








Figure 1.2 Données climatiques historiques des températures et des précipitations pour 
les normales climatiques du Canada de 1981 à 2010 de la station météorologique de 




1.4 OBJECTIFS ET HYPOTHÈSES 
Le projet a pour but d'étudier les effets d’une combinaison des régimes thermiques et 
hydriques sur la croissance radiale et la formation du bois de jeunes arbres d’épinettes 
noires en milieu contrôlé. La formation du cerne de croissance a été suivie à l'aide des 
analyses histologiques pendant la saison de croissance (phénologie) et après la fin de la 
différenciation des cellules du bois (anatomie). La formation du bois a été étudiée en 
relation avec (1) le statu hydrique des plants, (2) les échanges gazeux et l'assimilation de 
CO2, (3) la croissance des méristèmes primaires, (4) l’état hydrique de la tige, par des 
analyses des variations radiales circadiennes de la tige, et (5) la structure du xylème. Les 
jeunes arbres utilisés dans les expériences ont été soumis à deux traitements simultanés 
en milieu contrôlé afin de simuler les scénarios climatiques futurs : (1) un traitement de 
hausse de la température pendant le jour et/ou la nuit et (2) un traitement de déficit 
hydrique appliqué sur des périodes de durées variables selon les expériences (cycles 
courts de sécheresse, 25 et 32 jours). 
Plusieurs études se sont penchées sur la question de l’activité cambiale et la xylogénèse 
dans les environnements froids montrant que la température représente un élément 
important pour la croissance (Deslauriers et al. 2008; Rossi et al. 2013). Toutefois, peu 
d’études ont analysé l’influence du climat sur l’activité du cambium chez les jeunes 
arbres de la forêt boréale. Or, pour comprendre l’impact des changements climatiques 
(réchauffement climatique et augmentation de la fréquence et de la sévérité des 
sècheresses), il est fondamental d'interpréter les mécanismes physiologiques qui 
37 
affectent la xylogénèse et les liens avec la production du bois. Par exemple, la 
sécheresse peut affecter plusieurs caractéristiques de croissance telles que l'anatomie du 
xylème et l’accroissement radial (Abe et al. 2003; Corcuera, Camarero et Gil-Pelegrín 
2004; Arend et Fromm 2007). Il est connu que les semis d’épinettes noires démontrent 
une résistance à la sécheresse grâce à une acclimatation de la conductance stomatique et 
du taux de photosynthèse (Zine El Abidine et al. 1994), cependant ces derniers 
paramètres sont strictement liés à une augmentation de la température (Sage, Way et 
Kubien 2008). La densité du bois, un paramètre clé pour les estimations de stockage de 
carbone (Chaves et Oliveira 2004; Chaves, Flexas et Pinheiro 2009), dépend des 
caractéristiques des trachéides (Rathgeber, Decoux et Leban 2006). Dans le contexte 
des changements climatiques, différents régimes thermiques et hydriques pourraient 
modifier la croissance ainsi que les propriétés cellulaires. Les hypothèses suivantes ont 
été posées (voir Chapitre II) : 
1. Le déficit hydrique sévère pourrait induire une réduction de la croissance 
du cerne annuel en réponse à la diminution des réserves en eau, des 
échanges gazeux et de l'assimilation de CO2 ; 
2. L’activité du cambium pourrait être modifiée par le ralentissement de la 
division cellulaire et de la durée de l’expansion cellulaire en réponse à la 
sévérité progressive du déficit hydrique qui est fonction de la 
température ; 
3. Le déficit hydrique combiné à l’augmentation des températures de 
croissance pourrait induire la formation de parois cellulaires plus minces 
ou des cellules plus petites. 
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Dans les environnements froids, la température joue un rôle fondamental au début de la 
saison de croissance (Rossi et al. 2011; Boulouf Lugo, Deslauriers et Rossi 2012). Il 
faut d’abord rappeler que les températures ne devraient pas changer également pendant 
la nuit et le jour avec les changements climatiques (IPCC 2013). Il est connu que le 
réchauffement nocturne provoque des impacts sur les mécanismes physiologiques liés 
au stockage de carbone et aux relations hydriques (Sage 2002; Turnbull, Murthy et 
Griffin 2002; Turnbull et al. 2004; Sage, Way et Kubien 2008). L’hypothèse posée est 
que le déficit hydrique accrue et l’augmentation des températures pendant la nuit et le 
jour peuvent modifier l'équilibre de l'eau et du carbone dans la plante, ce qui conduit 
à (voir Chapitre III) : 
1. Une réduction de stockage de carbone dans la tige pendant la nuit et une 
augmentation au cours de la journée ; 
2. Une altération de l’anatomie et la densité du bois (comme une 
augmentation structurelle de l'investissement de carbone) ; 
3. Une augmentation de la mortalité des jeunes arbres. 
Après avoir décrit la xylogénèse et mis en évidence les relations entre les variables 
environnementales étudiées, il sera possible d’analyser l’impact de la modification 
artificielle des facteurs environnementaux d’intérêt pour cette étude sur la dynamique 
propre de la xylogénèse et les mécanismes de réponse des jeunes arbres. De nombreuses 
études fournissent une indication sur la formation du bois et l’influence des conditions 
environnementales, telles que la sécheresse (Gričar et Čufar 2006; Gruber et al. 2010), 
le réchauffement du sol (Lupi et al. 2011) et l’effet combiné du réchauffement et de la 
sécheresse chez les feuillues (Fonti et al. 2013). Ces études sont limitées à des variables 
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statiques qui sont insuffisantes pour décrire les processus dynamiques qui se produisent 
pendant la croissance secondaire, incluant le cambium. Les hypothèses posées sont que 
le déficit hydrique et le réchauffement modifieront la vitesse et la durée de la 
xylogénèse, induisant des changements dans les caractéristiques anatomiques des 
trachéides. Ainsi, les réchauffements pendant le jour et la nuit combinés à une absence 
de l’irrigation peuvent induire un changement dans la cinétique de la xylogénèse (voir 
Chapitre IV). 
Pour terminer, on intégrera dans notre étude les variations radiales de la tige mesurées 
par les dendromètres en suivant le cycle diurne et nocturne du tronc. Les processus 
d’élargissement et de rétrécissement sont principalement influencés par les conditions 
nocturnes de l’état hydrique et de la température. Des études ont rapporté qu’il existe 
une relation positive entre le taux d’expansion de la tige et la température au cours de la 
phase d’expansion (Downes, Beadle et Worledge 1999; Deslauriers et al. 2003). L’état 
hydrique de la plante, la disponibilité en eau dans le sol et l’évapotranspiration peuvent 
influencer les variations de la tige (Deslauriers et al. 2007; Giovannelli et al. 2007). Les 
dendromètres fournissent aussi un signal quotidien de variation de la tige à évaluer en 
conditions de sécheresse (Vieira et al. 2013). Les hypothèses posées sont que (voir 
Chapitre V) : 
1. La perte de l'eau, par l'augmentation de la transpiration, augmentera pendant 
la journée (augmentation de la contraction) et la réhydratation diminuera au 
cours de la nuit (diminution de l'expansion de la tige) en fonction de 
l'augmentation de la température diurne et nocturne ; 
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2. La durée et l'amplitude des processus (contraction et extension) changeront 
en fonction de l'intensité du déficit hydrique et de l’augmentation de la 
température. Le régime thermique provoquera un changement de la 
dynamique d’épuisement et de reconstitution des réserves en eau dans le 
tronc. 
1.5 STRUCTURE DE LA THÈSE 
Ce mémoire de doctorat présente le travail réalisé pendant 4 années, au Laboratoire 
d’écologie végétale et animale de l’Université du Québec à Chicoutimi. À travers une 
revue bibliographique, l’introduction générale (Chapitre I) pose le contexte général et 
les objectifs de cette thèse et propose ensuite une description exhaustive du dispositif 
expérimental mis en place. Les quatre chapitres de résultats suivants (Chapitre II à V) 
présentent les découvertes majeures réalisées. Enfin, la conclusion générale (Chapitre 
VI) présente une synthèse du travail. 
La thèse se présente sous le format d’une thèse par publications. L’introduction 
générale, la revue des connaissances sur le contexte québécois des changements 
climatiques et la formation du bois, la description du dispositif expérimental et la 
conclusion sont rédigées en français. En revanche, les quatre parties de résultats sont 
rédigées en anglais, car chacune constitue un article scientifique publié ou en 
préparation pour publication dans une revue scientifique internationale avec comité de 
révision par des pairs. Les références bibliographiques sont listées à la fin de chaque 
partie. Cette thèse a été financée d’octobre 2010 à janvier 2015 par deux subventions du 
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Conseil de recherches en sciences naturelles et en génie du Canada (CRSNG), le 
Consortium Ouranos et par une subvention de la Fondation de l’Université du Québec à 
Chicoutimi. 
Le chapitre II porte sur les effets du déficit hydrique et de l'augmentation de la 
température sur l’activité du cambium, les traits anatomiques du xylème et les relations 
hydriques. La partie méthodologique de ce chapitre constitue une description de l’état 
physiologique, des analyses cellulaires et anatomiques des jeunes arbres soumis à des 
températures de +2 et +5 °C supérieurs à la température du contrôle (Tableau 1.1). Les 
jeunes arbres sont soumis à deux régimes d'irrigation pour étudier les effets d'un déficit 
hydrique de 32 jours (mai - juin 2010). Les moments importants (avant, pendant et après 
le déficit hydrique) pour la physiologie, le développement cellulaire et l’anatomie du 
cerne de croissance de l’année ont été mis en évidence. Ce chapitre est le fruit du 
travail de la candidate. Annie Deslauriers, Alessio Giovannelli, Sergio Rossi et Cyrille 
B.K. Rathgeber ont participé à l'élaboration et l’écriture des idées de base de ce 
chapitre. 
Le chapitre III aborde la physiologie, l’anatomie et la densité du bois, mais évalue 
comment les ressources de carbone et la conductivité hydraulique de la tige déterminent 
la capacité des plants à survivre à un réchauffement durant le jour ou la nuit en 
combinaison avec une période de sécheresse. Les relations hydriques des plants, la 
dynamique des glucides non structuraux et de l'amidon, le taux de mortalité des plants, 
l'anatomie et la densité du bois des plants ont été comparés entre les arbres soumis aux 
traitements de réchauffement jour/nuit et traitements hydriques en 2011 (Tableau 1.1). 
Ceci a permis de mettre en évidence les effets des régimes hydriques et de la 
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température du jour par rapport à la température de nuit. Ce chapitre est le fruit du 
travail de la candidate. Annie Deslauriers, Alessio Giovannelli, Marilène Beaulieu, 
Sylvain Delzon, Cyrille B.K. Rathgeber et Sergio Rossi ont participé à l'élaboration et 
l’écriture des idées de base de ce chapitre. 
Le chapitre IV aborde la formation du cerne de croissance, en utilisant les processus 
dynamiques impliqués dans la formation de bois sous les effets du réchauffement et de 
la sécheresse. La xylogénèse, les échanges gazeux, les relations hydriques et l'anatomie 
du bois résultant des jeunes arbres ont été suivis pendant l’expérience de 2011 où la 
température est augmentée pendant le jour ou la nuit (6 °C), conjointement à une 
période de sécheresse (Tableau 1.1). Un mécanisme de compensation a été montré entre 
le taux et la durée du processus de différenciation cellulaire qui atténue les effets de la 
sécheresse et du réchauffement sur la structure des cernes. Ce chapitre est le fruit du 
travail de la candidate. Henri E. Cuny a participé à la réalisation d’une partie des 
analyses statistiques. Henri E. Cuny, Cyrille B.K. Rathgeber, Annie Deslauriers, Alessio 
Giovannelli et Sergio Rossi ont participé à l'élaboration et l’écriture des idées de base 
de ces chapitres. 
Le chapitre V aborde aussi la formation du cerne de croissance selon des mesures 
enregistrées à partir de dendromètres électroniques (Tableau 1.1). Les données horaires 
journalières ont été extraites et comparées à l’aide de régressions logistiques. Les 
conditions environnementales influençant les processus d’hydratation et déshydratation 
ainsi qu’un effet de la température ont été identifiées. Ce chapitre est le fruit du travail 
de la candidate. Annie Deslauriers, Alessio Giovannelli et Sergio Rossi ont participé à 
l'élaboration et l’écriture des idées de base de ces chapitres. 
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Les articles de cette thèse sont présentés différemment du format de publication adopté 
par les différents journaux. Le lecteur peut obtenir les manuscrits dans leur forme 
publiée en se reportant aux références indiquées dans les chapitres suivants. 
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2.1 ABSTRACT 
Increase in temperature under the projected future climate change would affect tree 
growth, including the physiological mechanisms related to sapling responses, which has 
been examined recently. The study investigated the plant water relations, cambial 
activity and wood formation in black spruce saplings [Picea mariana (Mill.) B.S.P.] 
subjected to water deficit and warming. Four-year-old saplings growing in three 
greenhouses were submitted to different thermal conditions: T0, with a temperature 
equal to the external air temperature; and T +2 and T +5, with temperatures set at 2 and 
5 K higher than T0, respectively. We also submitted saplings to two irrigation regimes 
and studied the effects of a water deficit of 32 days in May–June. We evaluated plant 
water relations, cambial activity, wood formation and anatomical characteristics from 
May to October 2010. Lower needle physiology rates were observed during water 
deficit, with 20-day suspension of irrigation, but after re-watering, non-irrigated 
saplings attained the same values as irrigated ones in all thermal conditions. Significant 
differences between irrigation regimes were detected in cambial activity at the end of 
the water deficit and after resumption of irrigation. Under warmer conditions, the 
recovery of non-irrigated saplings was slower than T0 and they needed from 2 to 4 
weeks to completely restore cambial activity. No significant differences in wood 
anatomy were observed between irrigation regimes, but there was a sporadic effect on 
wood density under warming. During wood formation, the warmer conditions combined 
with water deficit increased sapling mortality by 3.2 and 7.8% for T+2 and T+5, 
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respectively. The black spruce saplings that survived were more sensitive to water 
availability, and the restoration of cambial activity was slower at temperatures higher 
than T0. Our results suggest that black spruce showed a plastic response to intense 
water deficit under warming, but this would compromise their survival. 
 
Keywords: cambial activity, needle water relations, saplings, thermal conditions, water 
deficit, wood formation. 
 
Abbreviations: Pre-dawn leaf water potential, Ψpd; midday leaf water potential, Ψmd; 
stomatal conductance, gs; maximum photosynthesis rate, Amax; T0, greenhouse with a 
temperature equal to the external air temperature; T+2, greenhouse with temperature of 





In the boreal forest, sapling banks form a reserve of individuals to regenerate the stands 
following major biotic or abiotic disturbances (Rossi and Morin 2011). Saplings reflect 
the dynamic evolution of the boreal forest and also constitute a management strategy in 
the Canadian boreal forests (Lamhamedi and Gagnon 2003, MRNF 2009). Because of 
climate change, a temperature increase in the boreal forest of ~2–4°C by the year 2060 
(Plummer et al. 2006, Logan et al. 2011), combined with a significant increase in the 
frequency and severity of droughts (IPCC 2007, Seager et al. 2007, Sterl et al. 2008), 
represents a key challenge for regeneration and survival of forest stands. A demographic 
change in young forests can reflect phenomena such as self-thinning or shade 
competition (Lutz and Halpern 2006), but in recent decades, the regional warming has 
doubled the mortality rate of seedlings in natural stands in the USA (van Mantgem et al. 
2009). Peng et al. (2011) found that regional drought increased the adult tree mortality 
rate in Canada’s boreal forests from 1963 to 2008. 
In boreal ecosystems, temperature is the most important factor for tree growth (Körner 
2003a, 2003b). Cambial activity and cell differentiation are determined by temperature 
(Oribe et al. 2001, Begum et al. 2007, Rossi et al. 2007, 2008b). Recent studies have 
estimated temperature thresholds regulating different phases of xylem phenology in 
mature black spruce [Picea mariana (Mill.) B.S.P.], linking the passage between 
thermally favorable and unfavorable periods (Rossi et al. 2011). Other research 
confirmed the influence of cambial age or tree size on radial growth (Rossi et al. 2008a, 
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Rathgeber et al. 2011). It is also documented in different species that the climatic 
sensitivity of radial growth changes with tree age (Rozas et al. 2009, Vieira et al. 2009). 
However, information is lacking about climatic influence on cambial activity in young 
trees of the boreal forest. Water availability is another important influencing factor 
linked to cambial activity and wood formation (Giovannelli et al.2007, Camarero et al. 
2010). In the stem, cambium cell division and expansion of newly formed tracheids are 
processes highly sensitive to the plant’s water status (Abe and Nakai 1999, Savidge 
2000, Rossi et al. 2009). Past research in 1-year-old seedlings of black spruce evidenced 
that drought tolerance was mostly through an acclimation of the stomatal conductance 
and photosynthetic rate (Zine el Abidine et al. 1994), which are strictly linked to an 
increase in temperature (Sage et al. 2008). Several studies exist on the relation between 
water conditions and xylem growth (Larson 1963, Shepherd 1964). Saplings can be 
vulnerable to drought due to the decrease in their ability to uptake soil resources, as 
observed in past research that evidenced the water-deficit effect on root growth in 
young plantations of black spruce (Burdett et al. 1984, Bernier 1993). Nevertheless, an 
evaluation of the combined effects of warming and water deficit on cambial activity in 
conifer saplings has recently received great interest (de Luis et al. 2011), even if a clear 
picture is far from being reached, especially in the boreal environment. 
Radial growth depends on the link between tree–water relations and carbon balance. 
Woody ring features provide more information on water transport; these traits have 
often been used for the characterization of the climatic condition that influences the 
wood formation (Fonti et al. 2010). Radial growth requires the maintenance of high cell 
turgor pressure, which has an irreversible influence on cell extension and wall polymer 
57 
 
deposition (Proseus and Boyer 2005). The carbohydrate pool also represents a source of 
energy and carbon skeletons for cambium activity, and could be linked to secondary 
wall formation (Giovannelli et al. 2011). Wood density is a key parameter for 
determining carbon investment (Chave et al. 2009), and it depends on tracheid 
characteristics (Rathgeber et al. 2006). Drought affects several growth features such as 
xylem anatomy and radial increment (Abe et al. 2003, Corcuera et al. 2004, Arend and 
Fromm 2007). 
Numerous studies have also shown how the wood density of conifers can be strictly 
correlated to environmental conditions (Chave et al. 2006), in particular, temperature 
(Gindl and Grabner 2000, Gindl et al. 2000). Recent studies were based on 
manipulations of the growing conditions of mature black spruce in the field (Lupi et al. 
2011, 2012, Belien et al. 2012), which could not control all environmental parameters. 
In comparison, an artificial control of environmental conditions in a greenhouse 
provides a localized effect on the whole plant. This can allow xylem development and 
wood formation of black spruce to be studied in saplings, an age category that has been 
largely overlooked. 
The aim of this paper was to evaluate the effects of three thermal conditions and 
irrigation regimes on (i) plant water status, gas exchange and CO2 assimilation, (ii) 
cambial activity and (iii) wood anatomy in black spruce saplings growing in 
greenhouses. Three thermal conditions were chosen according to the possible future 
scenarios drawn by recent climate models (Zhang et al. 2000, Rossi et al. 2011). We 
tested the following hypotheses: (i) the imposition of severe water deficit could induce a 
reduction in xylem growth as a response to change in leaf water potential, gas exchange 
58 
 
and CO2 assimilation; (ii) the cambium could display different sensitivity in terms of 
decrease in cell division and differentiation rate in response to gradual water-deficit 
severity according to temperature; and (iii) water deficit under warm conditions could 
induce the formation of thinner cell walls or smaller cells. 
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2.3 MATERIAL AND METHODS 
2.3.1 Experimental design 
The experiment was conducted during the 2010 growing season in Chicoutimi, QC, 
Canada (48°25′N, 71°04′W, 150 m above sea level) on 4-year-old P. mariana (Mill.) 
B.S.P. saplings growing in plastic reversed-conic pots (volume 4.5 l) filled with peat 
moss, perlite and vermiculite. In late winter, the saplings were maintained at a 
temperature close to the external one and sheltered from the snow under a garden 
tunnel. In April, 1104 saplings of uniform size (height 48.9 ± 4.7 cm and diameter at the 
collar 8.0 ± 2.0 mm) were selected, fertilized with 1 g l
−1
 of NPK (20-20-20) fertilizer 
dissolved in 500 ml of water, divided into three groups and transferred to three 
greenhouses. Three groups were moved to the independent section of three greenhouses 
where the saplings were subjected to three thermal conditions: T0, with a temperature 
equal to the external air temperature; and T+2 and T+5, with temperatures of 2 and 5 K 
higher than T0, respectively. In each section, two different irrigation regimes were 
applied to the saplings: (i) control (named irrigated saplings), in which soil water 
content was maintained above 80% of field capacity; and (ii) a dry regime (non-
irrigated saplings) in which irrigation was withheld for 32 days during May–June, at the 
beginning of xylem growth, when plants are supposed to be more susceptible to drought 
(Rossi et al. 2006a). The thermal conditions were maintained quite constant in spring, 
except on the day of the year (DOY) 122 and from 142 to 152, when a technical 
problem prevented the expected temperatures being maintained in the greenhouses and 
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the difference in temperature between treatments and control was reduced to +1 and +2° 
C, respectively. After the restoration of irrigation on DOY 174, the differences in 
temperature between T0 and T+2 and T+5 were maintained constant at 2 and 5 K 
higher, respectively. 
2.3.2 Sapling mortality 
Sapling mortality was monitored from May to October 2010. Three weeks after re-
watering, the percentage of mortality was calculated on the total number of saplings that 
died naturally for each irrigation regime and thermal condition, excluding the number of 
saplings randomly selected every week for xylem development, wood anatomy and 
density. 
2.3.3 Water relations, gas exchange and CO2 assimilation 
Pre-dawn leaf water potential [Ψpd] and midday leaf water potential [Ψmd] were 
measured from May to August on branches of the first whorl of three saplings per 
treatment (three thermal conditions × two irrigation regimes) with a pressure chamber 
(PMS Instruments, Corvalis, OR, USA). Similarly, gas exchange and CO2 assimilation 









) were measured from 10:00 to 13:00 under saturating irradiance conditions 
(1000 μmol m−2 s−1) using a portable photosynthesis system (Figure 2.1) (Li-6400, LI-
COR, Inc., Lincoln, NB, USA). Measurements were expressed according to the specific 
needle surface area computed as the ratio of needle dry mass per unit of needle surface 
area. Needle dry mass was weighed after drying at 65°C for 48 h and the surface area 
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was calculated by scanning projection of sub-samples of needles and using a regression 
according to Bernier et al. (2001). 
2.3.4 Xylem development 
Destructive sampling lasted from May to October and consisted of six saplings 
randomly selected every week from each treatment (three thermal conditions × two 
irrigation regimes), for a total of 36 saplings per week. Stem disks were collected 2 cm 
above the root collar of each selected seedling. The samples were dehydrated with 
successive immersions in ethanol and d-limonene, embedded in paraffin, and transverse 
sections of 8–10 μm thickness were cut with a rotary microtome (Rossi et al. 2006a). 
The wood sections were stained with cresyl violet acetate (0.16% in water) and 
examined within 10–25 min with visible and polarized light at ×400–500 magnification 
to distinguish the differentiation of xylem according to four distinct phases. For each 
section, the radial numbers of (i) cambial, (ii) enlarging, (iii) wall thickening and 
lignification, and (iv) mature cells were counted along three radial files. The total 
number of xylem cells was calculated as the sum of differentiating and mature cells. In 
the cambial zone, the cells were characterized by thin cell walls and small radial 
diameters (Rossi et al.2006b). During the enlargement phase, the tracheids still showed 
thin primary walls, but had a radial diameter twice that of the cambial cells and primary 
cell walls that were not birefringent under polarized light (Kutscha et al. 1975, 
Antonova and Shebeko 1981). Criteria for discriminating secondary wall formation in 
cells were the birefringence under polarized light and the coloration due to the reaction 
of cresyl violet acetate with the lignin, which produced a color change from violet to 
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blue when lignification was complete (Rossi et al. 2006b). Thus, a homogeneous blue 
color over the whole cell wall revealed the end of lignification and the attainment of 
maturity (Gričar et al. 2005, Rossi et al. 2006b). 
2.3.5 Wood anatomy and density 
Wood sections from the saplings collected during the two last sampling days in October, 
six saplings randomly selected (three thermal conditions × two irrigation regime for 36 
sapling in total per week), were stained with aqueous 1% safranine and fixed on slides 
with Eukitt® histological mounting medium. A camera mounted on a microscope was 
used to record numerical images and to measure xylem features with an image analysis 
system specifically designed for wood cells (WinCell™, Regent Instruments, Inc., 
Canada). Lumen area, radial diameter and wall thickness of cells were measured at 
×400 magnification along a band of 12–18 rows of tracheids, for a total of ~250 μm in 
thickness. For each anatomical section, earlywood and latewood were identified 
according to Mork’s formula, which classified all cells with lumen smaller than twice a 
double cell wall as latewood (Denne 1988). 
Stem disks from the same saplings were air-dried to a 12% moisture-content state and 
X-rayed together with a calibration wedge following standard techniques (Polge 1978). 
Radiographs were digitalized using a scanner, and the acquired grey scaledigital images 
were treated using semiautomatic procedures (Mothe et al. 1998). Density values were 
assigned to each pixel of the calibration wedge. Each tree ring was divided into 20 
segments of equal width, and the tree-ring density profiles were produced by averaging 
the values of the pixels inside each segment. For each wood section, the mean density 
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determined by X-ray analysis was compared with the density directly determined by 
measuring the mass per volume unit to correct the microdensity profiles. 
2.3.6 Statistical analysis 
The number of cells in the different phases was compared between irrigation regimes 
with the t-test. Analyses were conducted using GLM procedure in SAS (SAS Institute, 
Cary, NC, USA). 
The dynamics of cell production were assessed by fitting the total number of cells 
counted on each sampling date with a Gompertz function, using the non-linear 
regression (NLIN) procedure in SAS. The Gompertz function (1) was defined as:  
y = A exp[−eβ− κτ ]       (1) 
where y is the number of cells, τ is time computed as DOY, A is the upper asymptote of 
the total number of cells, β is the x-axis placement parameter and κ is the rate of change 
parameter (Rossi et al. 2003). The asymptote represented the number of radial cells 
produced by the saplings during the growing season. Group comparisons were 
performed between thermal conditions and irrigation regimes by using the fitted curves 
(Potvin et al. 1990, Giovannelli et al. 2007). 
Xylem anatomy and density were analyzed using analysis of variance and the means 
were performed using Tukey’s test (P < 0.05), comparisons of the means were obtained 




2.4.1 Growth conditions and saplings mortality 
At the beginning of the experiment on DOY 118, the mean daily air temperature in T0 
was 8°C (Figure 2.1). During May, T+2 and T+5 were 1.7 and 3.1 K warmer on average 
than T0. The dry period lasted 32 days, during which the temperature in T0 varied 
between 15 and 29°C. At the last sampling on DOY 293, temperature in T0 was 6°C. 
Overall, T+2 and T+5 experienced temperatures of 2.0 and 4.7 K higher than T0, 
respectively. 
None of the irrigated saplings died in the three thermal conditions (Table 2.1). On the 
contrary, after 3 weeks, re-watering mortality ranged from 2.1 to 12.2% in non-irrigated 
saplings, with proportionally more dead saplings observed at the higher temperatures.  
2.4.2 Water relations, gas exchange and CO2 assimilation 
After the withholding of irrigation on DOY 142, it was possible to define two stages of 
water-deficit intensity on the bases of water potential, gas exchange and CO2 
assimilation. From DOY 142 to DOY 158 (mild water deficit), all saplings showed 
optimal water conditions. Both irrigated and non-irrigated saplings exhibited Ψpd 
ranging between −0.4 and −0.7 MPa and Ψmd ranging from −0.5 to −1.4 MPa (Figure 
2.2). No marked difference in leaf water potential was observed among the thermal 











 were measured in T+5 and T+2 on 
DOY 158, respectively (Figure 2.2). From DOY 159 to 173 (severe water deficit), the 
Ψpd and Ψmd values dropped dramatically in non-irrigated saplings, reaching higher 
values on DOY 173 (−2.7 MPa Ψpd and −2.9 MPa Ψmd) without evident differences 
between thermal regimes. Accordingly, in non-irrigated saplings, Amax ranged between 








 in T0, T+2 and T+5 (DOY 
161) (Figure 2.2). On DOY 179, 1 week after re-watering, all values of non-irrigated 
saplings were similar to those observed in irrigated ones, showing that the saplings were 
able to recover an optimal water status. These conditions persisted for the rest of the 
summer (Figure 2.2). 
2.4.3 Xylem development 
Cell division was active from the first sampling date, as shown by the six to nine cells 
observed in the cambial zone on DOY 124 (Figure 2.3). The number of cells in the 
cambium decreased until the beginning of June, and then increased with a peak at the 
beginning of July, on DOY 187. This peak was observed only in irrigated saplings 
(Figure 2.3). A progressive reduction of cambial activity was observed in the irrigated 
and non- irrigated saplings at the end of August (DOY 237). The number of cells in the 
cambial zone decreased synchronously in irrigated and non-irrigated saplings and 
attained the corresponding number of three to four cells at the beginning of September. 
During water deficit, the patterns of the number of cambial cells in division were similar 
among the three thermal conditions, while differences were observed between irrigation 
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regimes (P < 0.05), especially after the rehydration (DOY 174) for 2 weeks in T0, and 
for ~4 weeks in T+2 and +5. At the end of August, the number of cells in the cambial 
zone decreased to four, which indicated the end of cell production (Figure 2.3). 
The patterns of variation in the number of cells in enlargement, wall thickening and 
lignification were similar among thermal conditions (Figure 2.3). As for cambial cells, 
significant differences were detected between irrigation regimes, mostly at the end of 
the water deficit and after resumption of irrigation. In non-irrigated saplings, a 
significant decrease in the number of enlarging cells was observed during severe water 
deficit in T0 and T+2 on DOY 166 (P<0.001 and P<0.01, respectively) and in T+5 on 
DOY 173 (P<0.01). At the end of water deficit, the number of enlarging cells rapidly 
decreased to one to two cells in non-irrigated saplings. For about 10–20 days after the 
resumption of irrigation, significant differences between irrigation regimes were 
observed in the number of enlarging cells at all thermal conditions (P<0.05). At the end 
of July, the number of enlarging cells of non-irrigated saplings gradually increased in all 
thermal conditions, but fewer cells in this differentiation phase were detected in T+2 
and T+5 (three to four cells) with respect to T0 (four to five cells). For the phase of cell-
wall thickening and lignification, significant differences were observed in the irrigation 
regimes at the end of the water deficit (Figure 2.3). For about 15–20 days after 
resumption of irrigation, significant differences were detected between irrigated and 
non-irrigated saplings for cells in both wall thickening and enlargement (P<0.05) 
(Figure 2.3). 
The Gompertz function adequately fitted the data through- out the growing period, and 
was always able to reach an asymptote by the end. Statistical tests detected significant 
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differences in the total number of cells among groups of treatments (F=7.30, P<0.0001) 
(Table 2.2). The highest total numbers of cells were observed in irrigated saplings, with 
values of 123.4, 109.9 and 109.7 tracheids in T0, T+2 and T+5, respectively (Table 2.2, 
Figure 2.3). Fewer were produced in non-irrigated saplings of T+2 and T+5, showing an 
average of 90.7 and 87.7 cells along the tree rings, respectively. Another comparison of 
the total number of cells between the irrigation regimes revealed a significant difference 
in the saplings (F = 32.73, P < 0.0001). However, no significant difference was detected 
in the comparison among total cells between the thermal conditions (F = 0.82, P = 0.59) 
(Table 2.2). 
2.4.4 Wood anatomy and density 
The anatomical traits of tracheids were compared between irrigated and non-irrigated 
saplings; no statistical difference was observed (Figure 2.4). For the thermal conditions, 
sporadic effects were found at high temperature, but these were not consistent during 
and after water deficit. The cell lumen area generally declined from earlywood to 
latewood (Figure 2.4). The average lumen area of earlywood was 95.90 mm
2
 for T0, 
and 85.99 mm
2
 and 87.24 mm
2
 for T+2 and T+5, respectively (Figure 2.4). From 
earlywood to latewood, no significant differences were observed in all treatments. 
From the initial tracheids in earlywood to the last ones in latewood, there was a decrease 
in the cell length between irrigation regimes in all thermal conditions. However, no 
significant difference was found (Figure 2.4). Only in the 40–60% portions of the tree 
ring, the cell length of earlywood was lower on average in non-irrigated saplings 
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(Figure 2.4). From earlywood to latewood, the cell-wall thickness exhibited an overall 
increase in irrigated and non-irrigated saplings, from 2.1 to 2.7 μm in T0, and at the 
higher temperatures, from 2.1 to 3.2 μm (T+2 and T+5), respectively. But again, no 
effect of irrigation regime was observed at all thermal conditions. The cell-wall 
thickness of earlywood showed a trend in the 40–65% portion of the annual ring at the 
high temperature, decreasing to 1.6 μm. Wood density increased along the annual tree 
ring, particularly in latewood. The average values of wood density in the different 
thermal conditions were 585 kg m
−3
 at T0, 572.19 and 537.48 kg m
−3
 at T+2 and T+5, 
respectively. No significant difference was observed for wood density between 
irrigation regimes (P > 0.05) (Figure 2.4). However, at the 20% portion of the tree ring, 
significant differences were observed at T+2 (P < 0.0001). The wood density value at 
T+5 (480.31 kg m
−3







Wood formation in black spruce saplings was more affected by 32 days of water deficit 
than by different thermal conditions during the growing season. As expected, drought 
induced a transient reduction in cambial activity and cell differentiation, especially at 
the end of the water-deficit period (severe water deficit) and, in some cases, for several 
weeks after the recovery of the optimal plant water status. Even if the application of 
thermal conditions (T+2 and T+5) did not seem to cause a significant effect alone on 
wood anatomy, the negative effect of water stress (in duration and intensity) was 
recorded mostly on cambium activity, cell enlargement, cell-wall thickening and 
lignification. Past studies showed that black spruce saplings had high growth plasticity, 
i.e., the capacity to maintain growth under drought, to different water regimes during 
their first growing season (Lamhamedi et al. 2003, Bergeron and Lamhamedi 2004). 
Similarly, Mayor and Johnsen (1999) affirmed that the drought tolerance traits such as 
osmotic potential at saturation, modulus of elasticity, turgor and net photosynthetic 
strongly influenced the growth performances of black spruce plants under reduced soil 
water availability. 
2.5.1 Saplings mortality 
The air temperature increase of 2 and 5° C, in conjunction with severe water deficit 
during wood formation, increased sapling mortality by 5 and 12.2%, respectively, in 
agreement with Way and Sage (2008) who observed that seedling mortality increased at 
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high temperature. In harvested stands, Ruel et al. (1995) showed that the survival of 3-
year-old black spruce correlated on seedling height and seedling health and growth. The 
mortality of black spruce seedlings reached 21%, but decreased to <10% when stem 
height exceeded 30 cm (Ruel et al. 1995). However, the observed mortality rate could 
not be considered as the effective survival of saplings because we had excluded the 
number of saplings randomly selected every week for anatomical analysis. So, our 
findings could be an underestimation of the effective survival rate of the plants. 
The death of saplings could be due to an alteration in the plant water–carbon balance 
due to irreversible damages of different primary metabolic pathways that could have 
gradually taken place during the water deficit (Anderegg et al. 2012). Under mild-to- 
moderate stress, photosynthesis has been considered the primary physiological process 
affected by stomatal limitation (Galmés et al. 2011). The limiting process under severe 
drought still remains unclear, but photosynthesis might be limited by mesophyll 
conductance. A close relationship between leaf and xylem vulnerability to water stress 
has been observed (Brodribb and Cochard 2009), and it is accepted that leaves are more 
prone to cavitations than the stem (Johnson et al. 2011); so, the saplings would be more 
vulnerable to cavitations than mature trees due to their size. Several studies have 
affirmed that the reliance on water transport, transpiration and carbon sequestration 
within trees varies with tree size and is much more negative in small than in adult trees 
(Domec and Gartner 2002, Phillips et al. 2003). These effects could be related to carbon 
limitation (Sala et al. 2010). A dysfunction in the phloem transport and long-distance 
carbon translocation (McDowell 2011), in particular carbon demand for the cambial 
activity, could lead to the death of saplings. 
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2.5.2 Needle water relations under water deficit and warming 
In our experiment, water deficit greatly influenced the water relations of saplings. 
During the first phase of the water deficit (from DOY 142 to 158, mild water stress), the 
Ψpd value did not drop below −0.7 MPa, and the non-irrigated saplings were able to 
maintain gas exchange and the photosynthetic rate similar to those of the irrigated ones 
under all thermal conditions. Stewart et al. (1994) showed that photosynthetic capacity 
of black spruce seedlings under drought conditions responded positively at Ψpd= −1.5 
MPa. Tan et al. (1992) and Tan and Blake (1997) showed that in drought-stressed sap- 
lings (Ψpd ranging from −1.0 to −1.4 MPa) faster-growing black spruce progeny 
tolerated, and instead postponed, momentary dehydration. From DOY 159 to 173, when 
severe water deficit was reached, the Ψpd value of non-irrigated saplings reached −2.2 
MPa. At maximum water deficit (DOY 173), gs and Amax were strongly reduced (<80% 
with respect to the non-irrigated saplings). These results suggested that the efficiency of 
water translocation was greatly compromised, probably as a cumulative effect of 
hydraulic failure through cavitations. Under severe water deficit, the non-irrigated 
saplings were unable to maintain CO2 assimilation and stomatal conductance. Our 
results confirmed that stomatal conductance was strongly reduced at leaf Ψpd of −1.0 
MPa, as observed by Bernier (1993) and Stewart et al. (1994). Also, Stewart et al. 
(1994) showed that stomatal limitation increased to ~40% during a period of intensive 
water stress (Ψpd −1.5 MPa), although photosynthesis capacity remained unaffected by 
drought treatment. In our case, photosynthesis followed the decrease of stomatal 
conductance, coupling at Ψpd  −2.2 MPa. 
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A week after the resumption of irrigation, non-irrigated saplings had completely 
recovered their plant water balance. As observed by Stewart et al. (1994), after re-
watering, stomatal conductance and photosynthesis rate recovered rapidly even after 
three cycles of drought. After severe water deficit, the recovery follows two processes: a 
first stage of leaf re-watering and stomata re-opening (Kirschbaum 1987, 1988), and a 
second stage, after 10 days of re-watering with the partial recovery (40–60%) of 
maximum photosynthesis (Bogeat-Triboulot et al. 2007). The different thermal 
conditions did not influence the recovery of the water status of the needle, while the 
reduction in root allocation induced by the high temperature could expose black spruce 
in extreme soil drying events (Way and Sage 2008). 
2.5.3 Rate of xylem growth: a matter of water? 
The imposition of severe water deficit decreased cell production in non-irrigated 
saplings. Our findings showed that under limited water availability, non-irrigated 
saplings exhibited a significant decrease in the number of cells within the newly formed 
ring in all thermal conditions. The decrease in the annual ring width was attributed to a 
lower expansion rate of the cambial cell derivatives during the enlarging phase under 
water deficit. In the early stage of water deficit (mild water stress), cell enlargement is 
first inhibited, while in a later stage, when the water deficit becomes more severe, cell 
division is also affected, as observed in past studies (Abe and Nakai1999, Abe et al. 
2003, Jyske et al. 2010, de Luis et al. 2011). During severe water stress, the cambium 
could reduce cell division and save energy for maintaining minimum metabolism and 
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defense (McDowell 2011). In adverse environmental conditions, the control of 
photosynthesis is reserved for structural growth (carbon demand, sink activity), and the 
non-structural carbohydrates in tissues indicate the degree to which growth is carbon-
limited (Körner 2003a, 2003b). However, carbon demand and carbon supply cannot be 
synchronous (Hoch et al. 2003, Sala et al. 2012), and the storage of carbon may be 
required to maintain hydraulic transport during a severe drought (Sala et al. 2012). The 
negative effects of drought on the supply and transport of photoassimilates during water 
deficit and on their accessibility during the re-watering could decelerate and/or stop cell 
division. Non-irrigated saplings showed fewer cells in division, enlargement and wall 
thickening than irrigated saplings at all thermal conditions. But after resumption of 
irrigation, non-irrigated saplings gradually recovered cambial activity in terms of cell 
enlargement of the cambial derivatives, to different extents according to the thermal 
conditions. Two weeks after the resumption of irrigation, the number of cells produced 
by non-irrigated saplings was similar to those by irrigated ones in T0, while this 
condition was reached after 4 weeks in T+2 and T+5. This finding indicates that 
cambium and other stages of cell differentiation could display different sensitivity to 
increasing water-deficit intensity. In addition, the recovery of cambial growth after 
water deficit could be strongly affected by air temperature. 
After the resumption of irrigation, non-irrigated saplings were able to slowly restore 
hydrostatic pressure within the cambial region at all thermal conditions. A high 
hydrostatic pressure is required within the cambial region for the enlarging of cambial 
cell derivatives (Abe et al. 2003). However, the higher temperature clearly affected 
xylem formation after water resumption. The cambium activity of non-irrigated saplings 
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needed 2 weeks to be completely restored in T0, but 4 weeks were necessary at higher 
temperature. This suggests a post-dated effect of water deficit at thermal conditions 
when the saplings were in water status imbalance. Similar responses in cell 
enlargement, wall thickening and lignification can manifest in reduced wood production 
(Arend and Fromm 2007) and growth processes could be completed early (Begum et al. 
2007). The restoration of growth may undergo a physiological adjustment to allow the 
maintenance of water uptake and cell turgor and to accumulate soluble carbohydrates 
and amino acids for a sufficient carbon gain that supports growth under water deficit 
(Tan et al. 1992, Chaves et al. 2009). 
2.5.4 Effects of water deficit and warming on xylem anatomy and density 
Our results showed that xylem anatomy was not affected by water deficit at all thermal 
conditions, while wood density presented only sporadic changes. The third hypothesis 
was therefore rejected. The lumen area of earlywood tracheids of non-irrigated saplings 
was not affected by water deficit at all thermal conditions, even if the withholding of 
irrigation sporadically affected intra-annual variation in density, as a resilience effect of 
cells to water deficit. In contrast, the cell size of balsam fir saplings was shown to be 
quickly affected by a dry period (Rossi et al. 2009), so this could demonstrate the 
resistance of black spruce saplings. The absence of any effect of irrigation regime on 
cell length at all thermal conditions could be due to the recovery from water deficit of 
cell expansion. Cell-wall thickening was also not influenced by the irrigation regime at 
all thermal conditions; the presence of trends only in the 40–65% portion of the tree ring 
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at the higher temperature may indicate a possible influence on the apposition of 
secondary wall and lignification in response to environmental conditions (De Micco et 
al. 2007). This could reflect an indirect adjustment of wood anatomy (Fonti et al. 2010) 
and would confirm the high plasticity of black spruce saplings. 
The absence of an effect of water deficit on wood density could be related to the 
observed gradual restoration of radial growth after rehydration. Wood density of 
Norway spruce earlywood is rather stable under drought (Bouriaud et al. 2005), so the 
sporadic effect at T+5 may suggest that the wood density of black spruce could be more 
susceptible to temperature than water deficit, as observed by Gindl et al. (2000) and 




Research on the effects of climate change and increased tree mortality linked to drought 
are renewing attention to the survival of natural forest regeneration and physiological 
mechanisms related to saplings responses. Our study indicates that the imposition of 
severe water deficit affected leaf water potential, gas exchange and CO2 assimilation in 
black spruce saplings. During plant-water imbalance, the radial growth and cambium 
activity were highly sensitive to decrease in soil water. After the resumption of 
irrigation, stressed saplings were able to resume radial growth and cambium activity 
according to the thermal conditions, showing great resilience to water deficit. In stressed 
plants, the recovery of stem growth and cambium activity was slower under warmer 
condition than in T0. The anatomical properties and wood density of saplings also 
showed a great resistance to water deficit; however, wood density was slightly 
susceptible to the thermal conditions. The higher air temperatures in conjunction with 
water deficit during wood formation increased sapling mortality by 5 and 12.2% for 
T+2 and T+5, respectively. Our results suggest that black spruce saplings showed a 
plastic response to intense water deficit under warming, but this would compromise 
their survival. Nevertheless, an increase in mean temperature coupled with recurrent 
drought events could exacerbate the water deficit effects on wood formation via an 
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Table 2.1 Percentage of dead black spruce saplings during the experiment from May to 
October at three thermal conditions and two irrigation regimes. 
 
% sapling mortality T0 T+2 T+5 
Irrigated 0 0 0 




Table 2.2 Comparison between growth response curves, fitted to the cumulative sum of 
number of radial cells averaged by period (DOY, day of the year) among thermal 
conditions and between irrigation regimes. A is the upper asymptote of the total number 
of cells, β is the x-axis placement parameter and k is the rate of change parameter, F-
values were calculated among all groups. Groups represent six single groups of the 
number of radial cells per irrigation regime and thermal condition. Grey background 
indicates the water deficit period at three thermal conditions. 
 
Source of variation A   β   κ (10
-2
)   F-value     P 
                      
T0 Non-irrigated 98.50   4.06   2.30   573.97     <0.0001 
  Irrigated 123.40   3.80   2.13   613.34     <0.0001 
T+2 Non-irrigated 90.70   4.22   2.44   518.97     <0.0001 
  Irrigated 109.90  4.60  2.73  638.95   <0.0001 
T+5 Non-irrigated 87.70   3.85   2.19   516.91     <0.0001 
  Irrigated 109.70   4.50   2.62   751.30     <0.0001 
            
Among groups       7.30   <0.0001 
            
Among thermal conditions      0.82   0.59 
            







Figure 2.1 Daily temperatures experienced by black spruce saplings of the three 
thermal conditions before, during and after the water-deficit period (grey background) 






Figure 2.2 Water relations, gas exchange and CO2 assimilation of black spruce saplings 






Figure 2.3 Radial number of cambial, enlarging, wall thickening and lignification, and 
mature cells counted in black spruce saplings before, during and after the water-deficit 
period (grey background) at three thermal conditions. Vertical bars correspond to the 
standard deviation. Black and grey curves indicate the total number of cells between the 






Figure 2.4 Cell features and wood density of the tracheids produced by irrigated and 
non-irrigated black spruce saplings at three thermal conditions (T0, T+2, T+5) along 
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Warming and drought occur with increased frequency and intensity at high-latitudes in 
the future. How heat and water stress can influence tree mortality remains partially 
unknown. The aim of this study was to evaluate how C-resources, stem hydraulics, 
wood anatomy and density determine the ability of black spruce saplings to survive 
daytime or nighttime warming (+ 6 °C in comparison with control) in combination with 
a drought period. We monitored plant water relations, the dynamics of non-structural 
carbohydrates and starch, mortality rate, wood anatomy and density of saplings. 
Warming, in conjunction with 25 days of water deficit, increased sapling mortality (10 
and 20% in nighttime and daytime warming, respectively) compared with the control 
conditions (0.8%). Drought substantially decreased gas exchange, and also predawn and 
midday leaf water potential to values close to -3 MPa which likely induced xylem 
embolism (xylem air entry pressure, P12, being on average around -3 MPa for this 
species). In addition, the recovery of gas exchange never reached the initial pre-stress 
levels, suggesting a possible loss of xylem hydraulic conductivity associated with 
cavitation. Consequently, the mortality may be due to xylem hydraulic failure. Warmer 
temperatures limited the replenishment of starch reserves after their seasonal minimum. 
Lighter wood was formed during the drought period, reflecting a lower carbon 
allocation to cell wall formation, preventing the adaptation of the hydraulic system to 
drought. Saplings of black spruce experienced difficulty in adapting under climate 




Key words: Climate change, drought, warming, survival, carbon balance, wood 
anatomy, wood density 
Symbols/abbreviations and units: 
T0, greenhouse with a temperature equal to the external air temperature; T+Day, 
greenhouse with temperature of 6 °C higher than T0 during the day; T+Night, 
greenhouse with temperature of 6 °C higher than T0 during the night; pre-dawn leaf 









; xylem air entry point, 
P12, MPa; pressure inducing 50% loss of hydraulic conductance, P50, MPa; slope of the 
vulnerability curve of the stem, S, % MPa
-1
; minimum leaf water potential, Ψmin, MPa; 
PLCp, predicted native embolism; vulnerability curve, VC; day of the year, DOY; 




In boreal ecosystems, an increase in temperature of about 2-4 °C is expected by 2060 
due to global warming (Perkins et al., 2012). The projected change in climate extremes 
could have important consequences on tree growth and survival. Recent increases in 
tree mortality were assumed to be caused by drought and heat stress associated with 
global change (Allen et al., 2010, Breshears et al., 2005), with repercussions at higher 
latitudes (Hogg & Bernier, 2005). In the last decades, Peng et al. (2011) found that 
regional drought increased tree mortality in mature stands of the Canadian boreal forest. 
Drought conditions particularly affect growth and survival of stand regeneration (Hogg 
& Schwarz, 1997, Payette & Filion, 1985), because young trees are more vulnerable to 
root embolism and stomatal closure (Domec et al., 2004, Mueller et al., 2005). The 
increases in temperature occurring during drought also lead to a quicker dehydration of 
young trees because of a higher evapotranspiration demand (Angert et al., 2005). 
Recent research has emphasized the importance of carbon storage in the physiological 
response of trees under global environmental changes, such as the increase of CO2 
(Körner, 2003), temperature (Adams et al., 2009), or drought (McDowell et al., 2008). 
Tree mortality due to drought is a critical component in North-American boreal forests 
(Peng et al., 2011). Three main hypotheses have been proposed concerning the 
physiological mechanisms leading to tree mortality during drought: (1) the carbon 
starvation hypothesis, suggesting that a prolonged stomatal closure leads to a depletion 
of carbohydrate reserves (McDowell et al., 2008), (2) the hydraulic failure hypothesis, 
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reflecting a strong alteration of water transport (Brodribb et al., 2010, Urli et al., 2013) 
and (3) biotic disturbance, indicating that pathogens and insects amplify the effects of 
the two previous mechanisms (McDowell et al., 2008). Recurrent droughts could affect 
plant carbon balance, while severe droughts result in xylem embolism, both leading to 
increased mortality in forest stands (McDowell et al., 2008). However, an intriguing 
debate on the occurrence of carbon starvation (Leuzinger et al., 2009, Sala, 2009, Sala 
et al., 2010) or a possible coupling of the first two hypotheses (McDowell, 2011) 
suggests that more studies are needed to elucidate the complex mechanisms involved in 
tree survival under environmental constraints. 
Temperatures are not expected to change equally during the night and day: between 
1950 and 1993, the nighttime air temperature increased at about twice the rate of 
maximum air temperature (IPCC, 2001). This tendency was confirmed for the boreal 
forest in Canada (Bonsal et al., 2011, Bonsal et al., 2001). Nocturnal warming has 
several impacts on physiological mechanisms, such as carbon storage and water 
relations (Sage, 2002, Turnbull et al., 2002). Nighttime water uptake and stem sap flow 
depend on the availability of water in the soil and on the previous day’s plant 
transpiration (Fuentes et al., 2013). High nighttime temperature limits the plant water 
recovery, impairing water balance of the next day, leading to higher stem water 
shortage; especially during summer drought, when the nights are shorter (Fuentes et al., 
2013, Zeppel et al., 2012). During fatal water status, when the plant does not recover 
from water stress, water transport is reduced by low stem hydraulic conductivity due to 
the presence of embolisms (Brodribb et al., 2010). High nighttime temperature also 
alters the carbon balance: nocturnal warming increases maintenance respiration 
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(Turnbull et al., 2004, Turnbull et al., 2002) leading to a faster degradation of the 
transitory starch in the chloroplast, thus decreasing the carbon intended to support 
respiration and growth at night and during the following day. 
Wood density is highly sensitive to environmental conditions (Bouriaud et al., 2005, 
Rozenberg et al., 2002), especially to low or high temperatures. During the growing 
season, an early temperature decline can induce a reduction in lignin content within 
terminal tracheids of the latewood (Gindl et al., 2000), showing a marked effect of 
temperature on the lignification processes. In black spruce, the inhibition of latewood 
formation can lead to the development of a light ring, due to shortened growing season 
and low temperature caused by volcanic eruptions (Filion et al., 1986). In a recent 
study, we showed that wood density was also susceptible to warmer conditions 
(Balducci et al., 2013). Because wood density mainly depends on cell dimensions and 
the quantity of structural carbon (cellulose, hemicelluloses and lignin) forming the 
secondary cell wall (Emiliani et al., 2011, Gindl et al., 2000) the variations in wood 
density are reflected in the hydraulic architecture of plants. According to the Hagen-
Poiseulle law, cells with higher lumen area are more efficient in water transport than 
smaller tracheid elements with thicker cell walls, but less resistant to embolism at high 
(less negative) leaf water potential (Domec & Gartiner, 2002). Wood density is the final 
balance of carbon investment during wood formation (soluble carbon converted in 
structural carbon) and is a key factor to defining the final proportion between cell-wall 
and lumen area (Chave et al., 2006, Dalla-Salda et al., 2011, Rathgeber et al., 2006). 
Consequently, wood density could help to explain the efficiency versus safety of the 
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xylem. A new challenge could therefore be to understand how sugars and wood density 
may influence cavitation and survival in response to temperature and drought. 
The aim of this study was to evaluate how combined water deficit and temperature 
increase affected the dynamics of water, sugar and starch in the stem, the resulting wood 
anatomy and density, and saplings survival in black spruce. We tested the hypothesis 
that water deficit coupled with increased night and day temperatures can alter the water 
and carbon balance of the plant, which results in (i) a reduction in carbon storage in the 
stem during the night and an increase during the day, (ii) an altered wood anatomy and 




3.3 MATERIALS AND METHODS 
3.3.1 Experimental design 
The experiment was conducted during the 2011 growing season in Chicoutimi, Canada 
(48° 25’ N, 71° 04’ W, 150 m above sea level) on 4-year-old black spruce saplings 
[Picea mariana (Mill.) B.S.P.]. In summer 2010, before the beginning of the 
experiment, the saplings were transplanted into plastic reversed-conic pots (4.5 l in 
volume) and grown in an open field until the next spring. In April 2011, 1104 saplings 
of homogeneous size (53.01 ± 8.8 cm in height and 10.43± 1.79 mm in diameter at the 
collar) were randomly selected and fertilized with 1 g l
-1
 of NPK (20-20-20) dissolved 
in 500 ml of water to avoid nutrient deficiency. The saplings were arranged in three 
adjacent greenhouses, where they were grown until October 2011. During the 
experiment, sapling growth (368 saplings per treatment) was investigated under three 
different thermal conditions: control (named T0), corresponding to external air 
temperature; and two warming conditions (T+Day and T+Night), which were 6 °C 
warmer than T0 during the day (from 7.00 am to 19.00 pm) and during the night (from 
19.00 pm to 7.00 am), respectively. In addition, during the maximum xylem growth, 
when saplings are more susceptible to dry conditions (Rossi et al., 2006), two irrigation 
regimes were applied: (1) control (named, irrigated saplings), consisting of maintaining 
the soil water content at approximately 80% of field capacity; (2) water deficit (named, 
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non-irrigated saplings), in which irrigation was withheld for 25 days in June (from day 
of the year 158 to 182) in 184 saplings per thermal condition. 
3.3.2 Water relations, gas exchange and CO2 assimilation 
Water relations, gas exchange and CO2 assimilation were measured from May to 
August on branches of the first whorl of 18 saplings per week (3 saplings × 3 thermal 
conditions × 2 irrigation regimes) (Supplementary Fig. S3.1). In each sapling, pre-dawn 
[Ψpd] and midday [Ψmd] leaf water potential were measured using a pressure chamber 
(PMS Instruments, Corvalis, OR). The minimum leaf water potential [Ψmin] was 
considered as the daily minimum predawn and midday water potential, [Ψmin pd] and 
[Ψmin md], respectively. They were recorded for each irrigation regime under different 
thermal conditions (Meinzer et al., 2009). In each plant, gas exchange (stomatal 




) and CO2 assimilation (maximum photosynthesis rate, Amax, 
μmol m-2 s-1) were measured from 10:00 to 13:00 under saturating irradiance conditions 
(1000 μmol m-2 s-1) using a portable photosynthesis system (Li-6400, LI-COR Inc., 
Lincoln, NB). Air temperature, vapor pressure deficit, CO2 concentration and irradiance 
inside the chamber were maintained at 25 °C, 2.2 ± 0.7 kPa, 400 µmol mol
-1





 photosynthetic photon flux density (PPFD), respectively. Measurements 
were expressed according to the specific needle surface area computed as a ratio of 
needle dry mass per unit of needle surface area and using a regression according to 
Bernier et al. (2001). For the same plants, the volumetric water content (VWC) of the 
soil was measured weekly by time domain reflectometry (TDR Fieldscout 300). The 
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measurements were taken at 7 cm depth in each pot and replicated twice (Topp et al., 
1984). 
Sapling stems of homogeneous size (49.5 ± 8.3 cm in height and 6.7 ± 0.8 mm in 
diameter at the collar), straight and without needles, were selected. They were collected 
in early morning to minimize xylem tension. We used the centrifuge method to measure 
the vulnerability of branch xylem to water stress induced cavitation caused by air 





embolism vulnerability (P12, xylem air entry point, MPa; P50, pressure inducing 50% 
loss of hydraulic conductance, MPa) and slope of the vulnerability curve (S, % MPa
-1
) 
of the stem were measured using the CAVITRON technique on 5 control saplings 
(Cochard et al., 2005, Delzon et al., 2010). The centrifugation-based technique was 
used to establish negative pressure in the xylem and to provoke water-stress-induced 
cavitation, using a custom-built honeycomb rotor (Precis 2000, Bordeaux, France) 
mounted on a high-speed centrifuge (Sorvall RC5, Asheville, NC, USA) (Delzon et al., 
2010). We calculated the difference between [Ψmin] and the xylem pressures at which 
PLC=50% (Ψ50), this corresponds to a safety margin for the saplings (Choat et al., 
2012, Meinzer et al., 2009) For irrigated saplings the predicted native embolism (PLCp) 
was estimated from minimum midday water potential [Ψmin] and the vulnerability curve 




Sapling mortality was monitored weekly from May to October and assessed according 
to the total number of experimental plants (1104) (Supplementary Fig. S3.1). Every 
week, the mortality percentage was calculated on the total number of saplings that had 
died per irrigation regime and thermal condition, excluding saplings randomly selected 
every week from each treatment for the analysis of total non-structural carbohydrates 
and starch. Sapling mortality was determined by complete needle wilting and stem 
necrosis. 
3.3.4 Wood anatomy and density 
Stem disks of 36 saplings (6 saplings × 3 thermal conditions × 2 irrigation regimes), 
were randomly collected during the last three weeks of October (Supplementary Fig. 
S3.1). Wood sections were stained with safranine (1% in water) and fixed on slides with 
histological mounting medium. Digital images were recorded using a camera mounted 
on a microscope to measure xylem features along three paths using WinCell
TM 
(Regent 
Instruments Inc., Canada). For each cell along the paths, lumen area, radial diameter and 
wall thickness were measured. For each anatomical section, earlywood and latewood 
were identified according to Mork’s formula, which classifies all cells with lumen 
smaller than twice a double cell wall as latewood (Denne, 1988). The stem disks were 
air-dried until 12% moisture content and X-rayed together with a calibration wedge 
following standard techniques (Polge & Nicholls, 1972). Radiographs were digitalized 
using a scanner, and the acquired digital images were treated using semiautomatic 
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procedures in order to produce tree-ring microdensity profiles (Mothe et al., 1998). 
Each tree ring was divided into ten equal parts size considering the relative percentage 
distance from the beginning of the ring (Mothe et al., 1998). 
3.3.5 Analysis of non-structural carbohydrates (NSC) and starch 
The cambium and xylem tissues of 18 saplings (3 saplings × 3 thermal conditions × 2 
irrigation regimes) were collected every two weeks (Supplementary Fig. S3.1) and non-
structural carbohydrates (NSC) were extracted following the procedure described in 
Giovannelli et al. (2011). An Agilent 1200 series HPLC with a RID and a Shodex SC 
1011 column and guard column, equipped with an Agilent Chemstation for LC systems 
program, was used for soluble carbohydrates assessment. A calibration curve was 
created for each carbohydrate using standard sucrose, raffinose, glucose, fructose 
(Canadian Life Science) and D-pinitol (Sigma-Aldrich). Total non-structural 
carbohydrates (total NSC) were calculated as the sum of soluble carbohydrates 
concentrations (raffinose, sucrose, glucose, pinitol and fructose). Xylem powder was 
also used for starch extraction, performed according to Chow and Landhäusser (2004). 
The starch was solubilized with NaOH 0.1M and acetic acid 0.1M and was hydrolyzed 
enzymatically with an alpha-amylase solution at 2000U/mL and amyloglucosidase 
10U/mL. PGO-color reagent and H2SO4 75% were added to the solution 24 hours later. 
Starch was assessed using a spectrophotometer at 533 nm (Chow & Landhäusser, 2004). 
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3.3.6 Statistical analyses 
The means of xylem anatomy and density were compared using two-way analysis of 
variance (ANOVA) with Tukey’s test (P<0.05). The comparisons among thermal 
conditions were performed using slice option procedure in SAS (SAS Institute, Cary, 
NC). For each sample, a sigmoid function (Pammenter & Willigen, 1998, Urli et al., 
2013) was fitted to the vulnerability curve using proc NLIN in SAS (SAS Institute, 
Cary, NC) according to the equation (1): 
       (1) 
Where P50 is the pressure inducing 50% loss of hydraulic conductance, MPa, slope of 
the vulnerability curve (S, % MPa
-1
) of the stem at the inflection point (Urli et al., 
2013). For each thermal condition, the total soluble sugars in cambium and xylem were 
compared, for each day, between irrigation regimes by using Wilcoxon non-parametric 
analysis (P=0.05). Wilcoxon non-parametric starch comparisons were conducted using 
NPAR1WAY procedure in SAS. However, due to a very low number of samples on 
some days of the year (DOY) (N<3), some tests could not be performed. 
3.4 RESULTS 
3.4.1 Growth conditions 
During the experiment, mean temperatures T+Day and T+Night were, on average, 4.5 
and 5.2 °C warmer than T0, as heating was applied from 7.00 am to 19.00 pm in T+Day 
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and from 19.00 pm to 7.00 am in T+Night (Fig. 3.1). During the water deficit period, 
temperature in T0 varied between 14 °C and 22 °C. Maximum temperatures of ~24°C 
were reached in July for T0. A gradual decrease in temperature was then observed from 
the end of August, with a minimum of 3.8 °C in October (Fig. 3.1). 
During the period of water deficit, the volumetric water content (VWC) of non-irrigated 
saplings decreased in all thermal conditions. After the drought period, VWC increased 
quickly and field capacity was reached on DOY 200, 20 days after the resumption of 
irrigation (Fig. 3.2). After DOY 183, the VWC was maintained at field capacity until 
the end of experiment. 
3.4.2 Sapling mortality 
The treatments generated a high mortality rate of saplings, especially after the drought 
period (during June). In the irrigated treatments, all trees survived at the three thermal 
conditions (Table 3.1). In the non-irrigated saplings, the rate of mortality proportionally 
increased with higher nighttime and daytime temperatures. One week after the end of 
water deficit, the mortality was 0.8% in T0, 10.48% in T+Night and 19.55% in T+Day. 
At the end of July (DOY 202, 3 weeks after re-watering), mortality persisted in all 
thermal conditions but was much lower in T+Day and T0, with values of 0.44% and 
0.8%, respectively. Higher sapling mortality was still observed in T+Night with the 
value reaching 1.78% (Table 3.1). 
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3.4.3 Saplings water relations, gas exchange and CO2 assimilation 
Similar patterns of gas exchange were observed in the irrigated regimes, with a small 









 in T+Day (Fig. 3.3). During the 




 in non-irrigated 
saplings. A faster decrease was observed in T+Day and T+Night, starting on DOY 166 
until the end of the drought period. Similar patterns were observed for gs, which was 
lower than 0.02 (values) in T0 under high temperature (DOY 166) (Fig. 3.3). 
Overall, the recovery of gas exchange after rewatering was much slower at higher 
daytime and nighttime temperatures. Indeed, the gas exchange values of non-irrigated 
saplings were similar to those of irrigated saplings after one week in T0, two weeks in 
T+Day and four weeks in T+Night. In addition, gas exchange never recovered to pre-
stress levels in both temperature treatments, likely due to the relatively slow recovery of 
xylem hydraulic conductivity following rewatering. 
In April and May, predawn and midday leaf water potential showed optimal water status 
for all treatments (Fig. 3.3). During the period when irrigation was withheld, predawn 
leaf water potentials (Ψpd) gradually dropped, with a more pronounced decrease at 
higher nighttime temperature. The Ψpd of irrigated saplings were close to zero (ranging 
between −0.3 to −0.4±0.1 MPa) demonstrating an optimal plant water status. In non-
irrigated saplings, Ψpd gradually dropped with increasing daytime and nighttime 
temperature, with values of − 0.7±0.4 MPa for T0, −1.63±1.1 MPa for T+Day and 
−2.8±0.2 MPa for T+Night. From DOY 171 to 181, lower values of Ψmd were observed 
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in non-irrigated saplings, with values reaching -2.1±0.5 MPa in T0, -1.95±0.5 MPa and 
-2.38±0.1 MPa in T+Day and T+Night, respectively. The minimum leaf water potential 
values (Ψmin md) were also low with values of −2.1 MPa and −1.97 MPa in T0 and 
T+Day, respectively, and the lowest values observed in T+Night (Ψmin pd, −2.8 MPa). 
After resumption of irrigation, the recovery of plant water status differed between the 
thermal conditions. The leaf water potential did not differ between the irrigated and 
non-irrigated saplings at T0. However, saplings growing at T+Day and T+Night showed 
a slower plant water status recovery with a delay of 2 and 4 weeks, respectively. The 
non-irrigated saplings needed one week for the recovery of midday leaf water potential 
at all thermal conditions.  
The xylem pressure inducing 50% loss of conductance (P50) reached average values of 
−4.26 MPa and air point entry (P12) reached average values of −2.95 MPa in irrigated 
saplings (Fig. 3.4, Table 3.2). The slope of the vulnerability curve (S) was 41.71% MPa
-
1
 (Table 3.2). The difference between Ψmin and Ψ50 was 2.59 MPa for irrigated saplings. 
The values of PLCp ranged from 4.8% to 8.0%. 
3.4.4 Wood anatomy and density 
Both treatments affected cell features and wood density. Along the tree rings, cell lumen 
area of T0 progressively decreased from about 300 µm
2
 to 20 µm
2 
(Fig. 3.5). At warmer 
conditions, statistical differences between treatments were observed, cell lumen 
remained stable in the central portion of the tree ring with values ranging from 150 to 
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100 μm2, and then it decreased to minimal values of 20-29 μm2 at high temperature 
conditions at the end of the annual ring. 
Cell-wall thickness was affected by water deficit at all thermal conditions. In the first 
20% of the ring, cell-wall thicknesses were quite similar between all treatments (with 
values ranging between 1.5 and 1.7 µm, Fig. 3.5). However, statistical differences were 
observed between irrigation regimes in all thermal treatments (Table 3.4). In non-
irrigated saplings, cell-wall thickness of the cells located in 50-85% of the tree ring 
remained at about 2 µm (Fig. 3.5). In comparison, cell-wall thickness of irrigated 
saplings kept increasing and reached values of about 2.5 to 3 µm in T+Day and 
T+Night. The maximum cell-wall thickness was reached in latewood with values of 3.6 
µm at 90% of the tree ring for non-irrigated saplings and 4 µm for irrigated ones at 85-
95% of the tree ring. 
Wood density was affected by water deficit and nighttime temperature. Wood density 
profiles increased along the annual tree ring, with higher values found in latewood (Fig. 
3.5). The average values of wood density in the different thermal conditions were 643, 
630 and 648.70 kg m
-3 
at T0, T+Day and T+Night, respectively (Table 3.3). At 50-85% 
portions of the annual ring, a significant difference was observed between the irrigation 
regimes, with irrigated saplings showing higher density values than non-irrigated ones 
(P<0.05) (Table 3.4). In the warming conditions, significant differences were observed 
at T+Night (P<0.0001). In irrigated saplings, the values of maximum wood density 
were similar at all thermal conditions, ranging from 982 to 991 kg m
-3
. A progressive 
decrease of maximum wood density at high thermal conditions was observed in the non-
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irrigated saplings (Table 3.3). In irrigated saplings, the minimum wood density 
increased with warming, while in non-irrigated ones the density decreased with 
warming (Table 3.3). Fluctuations in wood density were recorded in the 50-85% 
portions of the annual ring especially at increased nighttime temperatures, with irrigated 
saplings showing higher values than non-irrigated ones (Fig. 3.5, Table 3.4). 
In irrigated saplings, earlywood (EW) represented about 60% of the tree ring at T0 
while the proportion increased to about 74% and 68% at T+Day and T+Night, 
respectively. In non-irrigated saplings the EW values ranged between 70-73%. 
Consequently latewood (LW) proportion was greater in irrigated saplings at T0. On 
average, the EW width of the irrigated saplings increased at T+Day and, in non-irrigated 
ones, increased at T+Night (Table 3.3). Statistical differences were found in EW width 
at T+Day and in LW width at T+Night (Table 3.3, 3.4). 
3.4.5 Dynamics of total NSC and starch 
During the growing season, similar concentrations of total NSC were observed in the 
cambium at all thermal conditions (Fig. 3.6). At the beginning of the experiment (DOY 
125), average values of total NSC ranged from 40 to 50 mg/g in irrigated saplings. In 
non-irrigated saplings the value was 34 mg/g at T0 while it was 49 and 97 mg/g at 
T+Day and T+Night, respectively. From DOY 139 to DOY 181, an increase was 
observed in the total NSC, with values ranging from 100 to 200 mg/g in all treatments. 
Two weeks after re-watering (DOY 196), a synchronous and drastic drop of NSC was 
found in all treatments. On DOY 209, total NSC in cambium was again high, with mean 
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values ranging from 150 to 200 mg/g and it then decreased gradually at the end of 
September (Fig. 3.6). In the xylem, total NSC changed in a similar manner during the 
growing season in all treatments (Fig. 3.6). Similar concentrations were observed at the 
beginning and end of the experiment, with higher amounts observed on DOY 195 for all 
thermal conditions, except in non-irrigated saplings for T0. 
At the beginning of the experiment, similar amounts of starch were observed between 
the irrigation regimes (Fig. 3.6). Starch reached its maximum values on DOY 118 and 
139 (ranging from 4 to 6 mg/g) and dropped to zero at the end of water deficit (DOY 
181) at all thermal conditions (Fig. 3.6). After re-watering, starch showed a similar 
pattern among the irrigation regimes, ranging from 0.24 to 0.23 mg/g. However, a 
slower increase was observed after the summer minimum at warmer conditions with 
lower concentration in T+Day (0.47 mg/g) and T+Night (0.48 mg/g) compared with T0 
(0.62 mg/g). A significant difference was found in the starch concentration between 
temperature treatments, while no difference was found between irrigation regimes and 




3.5.1 Mechanisms of sapling survival 
An increase in air temperature in conjunction with 25 days of water deficit induced a 
significant increase in sapling mortality (about 10% in T+Night and 20% T+Day). 
Mortality persisted as long as three weeks after the resumption of irrigation, especially 
at higher nighttime temperature. Our observations were in agreement with the mortality 
observed in 3 year-old black spruce seedlings on regenerated cutover (Ruel et al., 1995). 
Previous research showed that juvenile mortality in black spruce ranged from 10% to 
21% according to stem height and the presence of stem wounds, as the root system 
cannot withstand drought (Ruel et al., 1995). Another study observed that warmer 
temperatures during growth triggered a higher percentage of mortality in black spruce 
seedlings with consequent growth compensation (Way & Sage, 2008b). During the 
water deficit, stomatal conductance and CO2 assimilation in non-irrigated saplings were 
lower compared with irrigated saplings at high temperature, as found by Way and Sage 
(2008a). 
During water stress, stomatal conductance was strongly reduced when leaf Ψpd ranged 
from -1.0 to -1.5 MPa (Bernier, 1993, Stewart et al., 1994) and damage to the root 
system of black spruce was observed when Ψpd reached -2.5 MPa (Johnsen & Major, 
1999). Our results showed that a higher percentage mortality occurred in T+Day when 
Ψpd reached a level of -1.6 MPa and Ψmin md was -1.97 MPa. The mortality was lower in 
111 
 
T+Night, even when Ψmin pd reached -2.8 MPa and Ψmd -2.38 MPa. However, it was 
more persistent in T+Night, with a percentage of 1.78% observed three weeks after re-
watering. The physiological mechanisms involved in tree mortality occur at different 
timescales (Anderegg et al., 2012) and are linked to species-specific vulnerability to 
cavitation (Delzon et al., 2010). In trees, Ψmin is a relevant parameter to understand stem 
xylem cavitation and to define the thresholds of hydraulic failure (Brodribb et al., 2010, 
Urli et al., 2013). In our findings, the minimum leaf water potential reached values close 
to -3 MPa that likely induced xylem embolism (xylem air entry pressure, P12, being on 
average around -3 MPa for this species). Moreover, in view of the standard deviation of 
both P12 and P50 it is possible that some individuals even reached their lethal cavitation 
threshold, explaining the mortality rate observed in our experiment. In sapling stems, 
the xylem tension inducing 50% loss of conductivity (P50) was -4.26 MPa on average. 
All together, these results suggest that our saplings had a narrow safety margin under 
drought conditions and thus a high risk of hydraulic failure (Choat et al., 2012). This 
result is in line with recent studies reporting that daily cycles of cavitation and 
successive repair are not habitual events for trees (Cochard & Delzon, 2013, Sperry, 
2013, Wheeler et al., 2013), as cavitation might only occur under severe drought 
(Delzon & Cochard, 2014). On the basis of our results, we considered that the hydraulic 
functionality of xylem would not be completely or irreversibly compromised for control 
saplings. However, our results were based on the response of a limited number of 
saplings and dead individuals were not considered. In addition, the increase of mortality 
in non-irrigated saplings could be explained by a reduction in leaf hydraulic 
conductivity at warmer temperature. Indeed, during the post-drought period, saplings 
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had dramatically lower rates of photosynthesis and stomatal conductance than those of 
pre-stress and controls. This slow recovery phase might be due to a loss in leaf 
hydraulic conductivity associated with xylem cavitation. This could explain and 
significantly to the death of conifer saplings, as reported in Brodribb and Cochard 
(2009). 
The higher mortality rate under warmer conditions could be due to temperature-
sensitivity when incomplete restoration of carbon reserves was reached, as observed in 
recent studies on conifers (Adams et al., 2013, Hartmann et al., 2013, Sala et al., 2012). 
During water deficit, leaf parameters gs and Amax declined to zero at all thermal 
conditions. A decrease in the maximum photosynthetic rate could normally be 
associated with a negative carbon gain, meaning that less sucrose would be translocated 
in the phloem and unloaded in cambium. However, NSC concentrations in both 
cambium and xylem were similar between the irrigated and non-irrigated saplings. The 
intra-annual pattern of NSC showed an inverse trend in the soluble sugar content 
between cambium (decline) and xylem (increase) around DOY 160 when starch in the 
xylem was near zero suggesting the presence of strong seasonal dynamics, as observed 
in other conifers (Gruber et al., 2012, Schaberg et al., 2000). This seasonal scenario was 
often reported in spring and winter when starch to sugars conversion occurs (Bucci et 
al., 2003, Schaberg et al., 2000). The slower replenishment in starch reserves observed 
under warming, for both irrigated and non-irrigated saplings, could suggest an active 
role of starch, not only for the allocation of carbon resources for growth and metabolic 
demands, but also for the recovery of plants after drought. 
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We hypothesize that the higher percentage of mortality at higher daytime and nighttime 
temperatures, as well as the prolonged mortality at T+Night, could be related to the 
lower starch reserves after their seasonal minimum. The lower starch amount could be 
caused by a lower accumulation in the xylem due to a decrease in photosynthesis 
induced by water deficit. We suppose that the day and night daily fluctuation of starch 
in the stem could be analogous to that in the leaves. Thus, the lower recovery of starch 
in the xylem could reflect a change in the partitioning during the day and night. 
Reduction of C-storage in the stem could be caused by (1) diminution of the fraction of 
carbon stored for later use or (2) immediate use required to meet the higher metabolic 
demand at higher temperature. The co-occurrence of abiotic stresses thus limits the 
pools of stored carbon, possibly from lower sugars translocation by the phloem (Galiano 
et al., 2011, Sala et al., 2012, Woodruff & Meinzer, 2011). Recent researches showed 
that under moderate drought, plant water conditions required for C-remobilization 
sustained the survival of saplings, while severe drought strongly reduced the ability of 
saplings to utilize starch reserves, which did not assure sapling survival (Hartmann et 
al., 2013). Even if our study is limited and precludes information on NSC and starch 
pattern in other sink tissues (roots and leaves), we cannot invoke the carbon starvation 
hypothesis. 
3.5.2 Does the modification in wood anatomy make plants more resistant? 
Under warmer conditions, xylem anatomy was modified by water deficit. Drought can 
induce the development of latewood cells in earlywood, which is a typical reaction in 
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species growing in the Mediterranean area (Cherubini et al., 2003, de Luis et al., 2011). 
In this study however, at warmer temperatures, the observed plateau of cell-wall 
thickness could represent the incapacity of black spruce to allocate sufficient C-resource 
to build thicker cell walls. Moreover, a higher decrease (or lower plateau) was observed 
in non-irrigated saplings, clearly indicating a lower C allocation to cell-wall 
development. The effect was also amplified as the water deficit occurred during the 
period of maximum cell production and differentiation. The co-occurrence of drought 
and warming that limited photosynthetic acclimation, with a consequent reduction in 
carbon (Way & Sage, 2008b), could influence the synthesis of cell-wall components and 
produce thin cell walls (Luomala et al., 2005). The most important consequence of such 
combined stress effects was the formation of wood with a lower density, which 
generally reflects a high hydraulic conductivity (Bucci et al., 2004). This strategy does 
not allow the adaptation of black spruce toward a more efficient hydraulic system but 
probably decreases plant survival under warming and drought stress. Wood density is 
strongly correlated to drought-induced embolism (Hoffmann et al., 2011, Pittermann et 
al., 2006), because a low hydraulic conductivity may be an element of great drought 
resistance (Hacke et al., 2001), but the relationship between wood density and 
resistance to cavitation is not direct. A lower wood density was recently proposed as a 
strategy to avoid catastrophic embolism after severe water deficit (Rosner et al., 2013; 
Hoffmann et al., 2011). The lower wood density could be caused by a change in the C-
allocation as (1) more C is required to meet the higher respiration demand at higher 
temperature, especially during the night (Amthor, 2000); (2) the C-resources are 
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mobilized for osmoregulation and are not available for cell wall building (Muller et al., 




This experiment emphasizes the importance of investigating sapling responses to 
multifactor stress in order to reveal the effects on individual survival and xylem 
performance. Our findings showed that the recovery of gas exchange never reached the 
initial pre-stress levels, indicating a loss in xylem hydraulic conductivity compared to 
pre-stress levels that could explain the hydraulic failure and death of individuals at 
warmer conditions. The consequences of drought under warming can improve our 
understanding of the role of wood density and carbon storage for sapling survival. This 
study underlined the importance of considering the active role of C-storage and its 
utilization during tree growth under harsh environmental conditions. Although depletion 
carbon reserves did not take place during prolonged water deficit, the carbon-water 
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Table 3.1 Percentage of mortality one and three weeks after the water deficit period 
(WDp). 
 % Sapling mortality 
Irrigated T0 T+Day T+Night 
1 week after WDp 0 0 0 
3 weeks after WDp 0 0 0 
Non-irrigated    
1 week after WDp 0.81 19.76 10.48 
3 weeks after WDp 0.89 0.45 1.79 
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Table 3.2 Mean values and SD of xylem pressure inducing 50% loss in conductance 
(P50, MPa), P12, xylem air entry point, (MPa) and vulnerability curve slope of stem (S, 
% MPa
-1
) measured on black spruce saplings. 
  
 
Picea mariana saplings 
Parameters Irrigated 
P50 (MPa) -4.27±0.1 
P12 (MPa) -2.95±0.05 





Table 3.3 Wood properties (mean and SD standard deviation) of black spruce saplings 
at three thermal conditions during the greenhouse experiment in 2011). Significant 
effects between irrigation regimes (P≤ 0.05) are in bold. 





regimes T0 T+Day T+Night 
Mean Non-irrigated 638 ± 86 598 ± 79 621 ± 99 
  Irrigated 650 ± 79 657 ± 79 676 ± 95 
Minimum Non-irrigated 481 ± 90 435 ± 61 470 ± 73 
 
Irrigated 438 ± 59 478 ± 86 478 ± 96 
Maximum Non-irrigated 954 ± 153 917 ± 141 936 ± 145 
  Irrigated 991 ± 120 985 ± 109 982 ± 100 
Earlywood Non-irrigated 566 ± 87 541 ± 60 577 ± 88 
 
Irrigated 540 ± 52 598 ± 80 590 ± 99 
Latewood Non-irrigated 832 ± 125 785 ± 146 811 ± 121 
  Irrigated 850 ± 108 844 ± 104 825 ± 99 
Ring Width (mm) 
   Earlywood Non-irrigated 0.56 ± 0.2 0.59 ± 0.2 0.71 ± 0.3 
  Irrigated 0.64 ± 0.2 0.81 ± 0.2 0.59 ± 0.2 
Latewood Non-irrigated 0.22 ± 0.2 0.23 ± 0.2 0.15 ± 0.1 
  Irrigated 0.33 ± 0.1 0.28 ± 0.2 0.33 ± 0.2 
Proportion (%) 
   %Earlywood Non-irrigated 71.8 73.6 70.8 
  Irrigated 60.5 74.0 68.8 
%Latewood Non-irrigated 28.2 26.4 29.2 
  Irrigated 39.5 26.0 31.2 
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Table 3.4 P values for wood density, cell-wall thickness and lumen area along relative 
portion of tree ring (%) in black spruce saplings calculated between irrigation regimes 
(I), among thermal conditions (T) and interaction between irrigation regimes and 




      
Lumen area Cell-wall thickness Wood density 
of tree 
ring (%) I T T × I I T T × I I T T × I 
5% 0.0734 0.0125 0.0086 0.018 0.6222 0.9311 0.863 0.2488 0.9572 
10% 0.1833 <.0001 0.0368 0.0201 0.0227 0.9393 0.6981 0.569 0.5622 
15% 0.0374 <.0001 0.0005 0.0041 0.0012 0.2776 0.7275 0.6738 0.3188 
20% <.0001 <.0001 <.0001 0.0003 0.0005 0.2431 0.7871 0.5327 0.2653 
25% 0.037 <.0001 <.0001 <.0001 0.0044 0.1173 0.8825 0.3263 0.224 
30% 0.0162 <.0001 <.0001 <.0001 <.0001 0.013 0.8295 0.1777 0.1457 
35% 0.6011 <.0001 0.0103 <.0001 <.0001 0.0152 0.5039 0.1032 0.1128 
40% 0.1043 0.0002 <.0001 <.0001 0.0065 0.0155 0.2266 0.0798 0.1274 
45% 0.8612 0.0193 <.0001 <.0001 0.0022 0.1574 0.0641 0.131 0.1314 
50% 0.0132 0.5606 <.0001 <.0001 <.0001 0.5906 0.0148 0.3645 0.1224 
55% <.0001 0.0007 0.0021 <.0001 <.0001 0.0151 0.0048 0.666 0.1765 
60% <.0001 0.0008 <.0001 <.0001 <.0001 0.0005 0.0035 0.5406 0.3595 
65% 0.0076 <.0001 0.0119 <.0001 <.0001 <.0001 0.0038 0.3249 0.6323 
70% 0.0761 <.0001 <.0001 <.0001 <.0001 <.0001 0.0053 0.2262 0.7925 
75% 0.118 <.0001 <.0001 0.0202 <.0001 <.0001 0.0076 0.1696 0.7991 
80% 0.1289 <.0001 <.0001 0.0247 <.0001 <.0001 0.0134 0.1391 0.8223 
85% 0.9564 <.0001 <.0001 0.0157 <.0001 <.0001 0.0281 0.1453 0.924 
90% 0.0207 <.0001 <.0001 0.0643 <.0001 0.0018 0.0569 0.2142 0.9931 
95% 0.6998 <.0001 <.0001 0.0453 0.0033 0.7037 0.0987 0.4413 0.9516 











Supplementary Table S3.1 
Means and P values for total non-structural carbohydrates (NSCs) in cambium and in xylem (mg/gdw ) and starch in xylem 
(mg/gdw ) in black spruce saplings calculated between irrigation regimes (I), among thermal conditions (T) and interaction 





 Irrigation regimes Prob  
 Irrigated Non-irrigated I T I x T DOY 
 T0 T+Day T+Night T0 T+Day T+Night     
           
Total NSC in cambium 144.43 115.79 138.73 135.63 137.75 139.18 0.44 0.05 0.05 <0.001 
Total NSC in xylem 9.21 8.67 8.90 8.79 9.27 8.87 0.90 0.96 0.54 <0.001 





Figure 3.1 Daily temperatures experienced by black spruce saplings in the three thermal 
conditions (T0, control temperature; T+Day, temperature increase during the day; 
T+Night, temperature increase during the night) during the greenhouse experiment from 




Figure 3.2 Volumetric water content (VWC) of soil in irrigated saplings (black circles) 
and non-irrigated saplings (white circles) before, during and after the water deficit 
period (grey background) at three thermal conditions (T0, control temperature; T+Day, 
temperature increase during the day; T+Night, temperature increase during the night) 




Figure 3.3 Pre-dawn leaf water potential (Ψpd, MPa), midday leaf water potential (Ψmd, 











) of black spruce saplings before, during 
and after the water deficit period (WDp) at three thermal conditions during the 




Figure 3.4 Mean percentage loss of hydraulic conductance (PLC%) versus xylem 





Figure 3.5 Cell features and wood density of the tracheids produced by irrigated (black 
curves) and non-irrigated (grey curves) black spruce saplings at three thermal conditions 
(T0, control temperature; T+Day, temperature increase during the day; T+Night, 




Figure 3.6 Non-structural carbohydrates (NSC) in mg/gdw in cambium and in xylem 
and starch concentration in xylem (mg/gdw ) in black spruce saplings before, during and 
after the water deficit period (grey background) at three thermal conditions (T0, control 
temperature; T+Day, 6 °C higher daytimg temperature; T+Night, 6 °C higher nighttime 
temperature). Black and white circles indicate the two irrigation regimes. Asterisks 
indicate statistically significant differences between the two irrigation regimes 




Supplementary Figure S3.1 Sampling timetable of black spruce saplings. Black circles 
correspond to sampling days before, during and after the water deficit period (grey 
background). VWC correspond to volumetric water content of soil and NSCs 
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4.1 ABSTRACT  
Due to global warming, high-latitude ecosystems are expected to experience increases 
in temperature and drought events. Wood formation will have to adjust to these new 
climatic constraints to maintain tree mechanical stability and long-distance water 
transport. The aim of this study is to understand the dynamic processes involved in 
wood formation under warming and drought. Xylogenesis, gas exchange, water 
relations and wood anatomy of black spruce [Picea mariana (Mill.) B.S.P.] saplings 
were monitored during a greenhouse experiment where temperature was increased 
during daytime or night-time (+6 °C) combined with a drought period. The kinetics of 
tracheid development expressed as rate and duration of the xylogenesis sub-processes 
were quantified using generalized additive models. Drought and warming had a strong 
influence on cell production, but little effect on wood anatomy. The increase in cell 
production rate under warmer temperatures, and especially during the night-time 
warming at the end of the growing season, resulted in wider tree-rings. However, the 
strong compensation between rates and durations of cell differentiation processes 
mitigates warming and drought effects on tree-ring structure. Our results allowed 
quantification of how wood formation kinetics is regulated when water and heat stress 
increase, allowing trees to adapt to future environmental conditions.  





Symbols/abbreviations and units: 
T0, greenhouse with a similar temperature to that of external air temperature; T+day, 
greenhouse with temperature 6 °C higher than T0 during the day; T+night, greenhouse 
with temperature 6 °C higher than T0 during the night; Ψpd, pre-dawn leaf water 
potential; Ψmd, midday leaf water potential; gs, stomatal conductance; Amax, maximum 
photosynthesis rate; DOY, day of the year; VWC, volumetric water content of soil; 
radial number of cambial (nC), enlargement (nE), lignification and wall thickening (nW), 
mature (nM), and total cells (nTotal); mean durations of cell enlargement (dE, days) and 
wall thickening (dW, days); cell production rate (rC, cells day
-1
); mean cellular rates of 
radial diameter enlargement (rE, µm day
-1





absolute error (MAE, cell), mean absolute percentage error (MAPE, %), model 




Since the mid-20th century, frequency, duration and magnitude of heat waves have 
increased (Perkins et al., 2012), and recent climate projections predict temperatures of 3 
to 6 °C higher by 2100 (IPCC, 2013). Several studies have reported that the recent 
warming is more pronounced at high latitudes (Vincent et al., 2012, Wang et al., 2013). 
In these regions, the night-time temperatures are changing faster than daytime 
temperatures (Donat et al., 2013). In the early century, these trends were recorded for 
the Canadian boreal forest, with increases in night-time summer temperatures being 
reported by some authors (Bonsal et al., 2001, Casati & De Elía, 2014). How these 
changes could influence tree growth and forest stand productivity in these regions 
remains an open question (Price et al., 2013) in particular for the widely distributed 
black spruce [Picea mariana (Mill.) B.S.P.], the most important tree species of the 
North American boreal forest. Dendrochronological studies hypothesized that black 
spruce located at high latitude could benefit from global warming because of a 
lengthening of the growing season, while radial growth in the southern regions might be 
negatively affected by warming (Huang et al., 2010). 
An increase of regional precipitations has been observed in North America, but higher 
temperatures can lead to faster and greater evaporation with a consequent change in soil 
moisture and drought intensity (Donat et al., 2013, Seneviratne et al., 2012, Villarini et 
al., 2013). In plants, water deficit induces a stress response that is modulated at different 
levels in tissues and organs depending on intensity and duration of the stress. Water 
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deprivation provokes turgor loss in developing tissues. The decreasing of hydrostatic 
turgor pressure within the cell induces plant stress perception and responses (i.e. 
stomatal closure and/or decreasing of photosynthate production), and intermediate 
physiological changes (i.e. lower plant water potential and decrease in cell volume) 
(Kranner et al., 2010, Savidge, 2001), finally resulting in a reduction of plant growth. 
Recent research showed that the response of secondary meristem to soil water depletion 
is faster and stronger than that of primary meristem (Berta et al., 2009, Bogeat-
Triboulot et al., 2007, Giovannelli et al., 2007). During plant development, the negative 
effect of abiotic stresses (multiple stresses) could be compensated by the recovery of 
stem growth and cambial activity or other wood traits. In this context, the plant 
meristem (i.e. cambium) displays different sensitivity according to the duration and 
intensity of stress, as well as different recovery capacity after a stress. The capacity of 
the cambium to resume normal activity after stress determines the capacity of the plant 
to compensate for the depressing effect of the stress on growth. Compensatory changes 
among architectural and structural traits and properties can result in tissue functions 
remaining unchanged, with the plant retaining the same level of performance 
(Lachenbruch & McCulloh, 2014). A comprehensive investigation of the relative 
importance of cambial activity and xylem traits under climate change thus appears 
crucial. 
Wood formation (xylogenesis) is a complex and highly dynamic process characterized 
by successive phases of cell production and differentiation: cell division, cell radial 
enlargement, secondary cell-wall formation and wall lignification (hereafter regrouped 
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under the term “wall thickening”), and programmed cell death (Denne & Dodd, 1981). 
This mechanism is fundamental for lignophyte functioning, because xylem structure 
provides mechanical stability and long-distance water transport. Regarding this, the 
number of studies on wood formation in adult trees has increased considerably in recent 
years (Gričar et al., 2007). Many studies provide interesting insights into wood 
formation and the influence of environmental conditions, such as drought (Gričar et al., 
2006, Moser et al., 2010, Oberhuber & Gruber, 2010), warming and drought (Balducci 
et al., 2013, Fonti et al., 2013) and ozone (Richet et al., 2012). However, such intra-
annual investigations, although accurate, are often limited to static views of the 
processes, which are insufficient to describe the dynamic processes occurring during 
secondary growth and to unravel the finer mechanisms of environmental influences. An 
accurate quantification of the dynamics of xylogenesis indeed appears to be a necessary 
endeavor to better understand environmental influences, as it comprises the mechanisms 
through which climatic factors are recorded in tree-ring structure (Cuny et al., 2014). 
For example, it is the duration and rate of cell enlargement that determine the final cell 
radial diameter, while the duration and rate of wall-material deposition determine the 
amount of secondary cell-wall. In turn, the ratio between the total amount of wall 
material deposited for one cell and the final size of this cell, determine the changes in 
lumen dimension (diameter and area), wall thickness, and wood density profile along 
conifer tree-rings (Cuny et al., 2014). A precise assessment of the kinetics (i.e. timings, 
durations and rates) of cell development is therefore crucial to obtain a mechanistic 
understanding of how stresses influence wood anatomy and, as a result, plant 
functioning and performance. In this sense, recent works have demonstrated that 
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Generalized Additive Models (GAMs) are particularly suitable to precisely and fully 
characterize wood formation dynamics (Cuny et al., 2013), opening a door to the 
mechanistic understanding of how climatic variations, extreme events and, more 
generally, environmental stresses influence wood formation and the resulting tree-ring 
structure. 
Among environmental factors, temperature plays a crucial role, because it is the main 
abiotic driver directly influencing cambium resumption in the stem (Begum et al., 2010, 
Begum et al., 2013, Oribe et al., 2001). However, the well-known temperature effects 
are limited in time and restricted to cambium reactivation within the stem. Recent 
researches have described the various effects on whole plants: warming decreased 
carbon storage in the xylem and the imbalance of plant water status during xylogenesis 
can influence the sugars available for radial growth (Deslauriers et al., 2014). 
Photosynthesis (i.e. the main carbon source) can be greatly reduced during drought, and 
it has been shown that this is more marked under higher temperatures (Balducci et al., 
2015). In this context, the need to understand the detailed mechanisms of xylogenesis 
under controlled drought and warming becomes a priority. The hydromechanical 
response to water stress implies first a reduction in cell expansion (Proseus et al., 2000), 
and then, under prolonged water stress, a decline in cambial cell division (Abe et al., 
2003, Muller et al., 2011, Pantin et al., 2013). Saplings can be especially vulnerable to 
drought (de Luis et al., 2011, Rossi et al., 2009) and major susceptibility is observed in 
boreal species (Balducci et al., 2015, Peng et al., 2011). Past studies considered that the 
rate of growth is influenced by environment, in particular the total cell production 
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(Denne & Dodd, 1981, Horáček et al., 2003). A recent study showed that radial growth 
and cambium activity were highly sensitive to water imbalance, but, after re-watering, 
surviving plants were able to resume radial growth showing certain resilience to abiotic 
stresses (Balducci et al., 2013). All these studies highlighted the effect of temperature 
and water stress on xylogenesis but without clarifying in detail which sub-processes 
were more altered and which were more involved in the growth recovery. 
The aim of this study is to unravel the mechanisms by which water deficit in 
combination with night and day warming affect the sub-processes of xylogenesis and to 
understand how these influences are recorded in the tree-ring structure. We monitored 
the dynamics of wood formation, assessed the kinetics of cell differentiation and 
measured the resulting tree-ring structure in saplings of black spruce. Preliminary 
results have shown that in a multi-stress experiment (drought and warming) cambium 
was more affected by drought during stress imposition whilst warmer temperature 
determined higher cambium activity in the irrigated condition. We tested the following 
hypotheses that i) water deficit and warming will modify the rate and duration of 
xylogenesis (cell division, enlargement and cell wall thickening), inducing lower 
changes in the tracheid lumen, diameter and cell wall thickness and ii) daytime and 
night-time warming can limit the kinetics of xylogenesis after the resumption of 
irrigation in stressed plants, determining a compensatory effect of stem growth and 





4.3 MATERIALS AND METHODS 
4.3.1 Experimental design 
The experiment was conducted during the 2011 growing season in Chicoutimi, QC, 
Canada (48° 25’ N, 71° 04’ W, 150 m above sea level) on 4-year-old black spruce 
saplings. Saplings were of local provenance (LU3NEPN07-G41) obtained from « 
Pépinière de Sainte-Luce », a public forest nursery in Sainte-Luce, QC, Canada (48° 33' 
N 68° 23' W). In the summer of 2010, the saplings were put into plastic reversed-conic 
pots (volume 4.5 l) filled with peat moss, perlite and vermiculite and maintained in the 
open air close to a greenhouse until spring 2011. Saplings were watered regularly to 
limit the impact of the transplanting. In April 2011, 1104 saplings of uniform size (53 ± 
8.8 cm in height and 10.4 ± 1.8 mm in diameter at the collar) were selected, fertilized 
(with 1 g l
-1
 of NPK 20-20-20 fertilizer dissolved in 500 ml of water), and transferred 
into three greenhouses. During the experiment, the saplings were grown in the same 
plastic reversed-conic pots (volume 4.5 l) under natural daylight and local photoperiod. 
Inside the greenhouses, dew point was maintained with an automatic control system 
between approximately 11 and 14 °C. Three thermal treatments were applied: the 
control (named T0 and in which greenhouse temperature was equal to external air 
temperature), and two warming treatments named T+day and T+night, with temperature 
6 °C warmer than T0 during the day (7.00 am - 19.00 pm) and during the night (19.00 
pm - 7.00 am), respectively. Two irrigation treatments were applied for each thermal 
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condition: (i) control (irrigated saplings), in which soil water content was maintained 
above 80% of field capacity; and (ii) water deficit (non-irrigated saplings) in which 
irrigation was withheld for 25 days in June. So in total there were six combinations of 
treatments (3 thermal conditions × 2 irrigation regimes). 
4.3.2 Water relations, gas exchanges and CO2 assimilation 
Water relations, gas exchange and CO2 assimilation were measured from May to 
August on branches of the first whorl of 3 saplings for the 6 treatments. Pre-dawn [Ψpd] 
and midday [Ψmd] leaf water potential were measured using a pressure chamber (PMS 









) were measured 
from 10.00 am to 13.00 pm under saturating irradiance conditions (1000 μmol m-2 s-1) 
using a portable photosynthesis system  (Li-6400, LI-COR Inc., Lincoln, NB). Air 
temperature, vapor pressure deficit, CO2 concentration and irradiance inside the 
chamber were maintained at 25 °C, 2.2 kPa (except at 29 °C when it reached 3.7 kPa), 
400 µmol mol
-1




 photosynthetic photon flux density (PPFD), 
respectively. Measurements were expressed according to the specific needle surface 
area computed as ratio of needle dry mass per unit of needle surface area and using a 
regression (Bernier et al., 2001). For the same saplings, the volumetric water content 
(VWC) of the soil was measured weekly by time domain reflectometry (TDR Fieldscout 
300). The measurements were taken twice per pot at 7 cm depth in the same moment 
(Topp et al., 1984).  
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4.3.3 Wood formation dynamics 
A destructive sampling of 6 saplings, randomly selected each week from every 
treatment (i.e. 36 saplings per week), was performed from May to October. Stem disks 
were collected 2 cm above the root collar of each sapling. The wood sections were 
stained with cresyl violet acetate (0.16% in water) and examined within 10-25 min with 
visible and polarized light at 400-500× magnification to distinguish the differentiation 
of xylem according to four distinct phases. For each section, the radial number of 
cambial (nC), enlarging (nE), wall thickening (nW), and mature cells (nM) were counted 
along three radial files. The total number of xylem cells was calculated as the sum of 
differentiating and mature cells (nTotal = nE + nW + nM). In the cambial zone, the cells 
were characterized by thin cell walls and small radial diameters (Rossi et al., 2006). 
Enlarging cells were bigger than cambial cells but were still surrounded by thin primary 
walls. Cells in the wall thickening zone undergo secondary wall formation and 
lignification. Criteria for discriminating wall thickening in cells were the birefringence 
under polarized light, which indicated the presence of secondary cell wall, and the 
coloration due to the reaction of cresyl violet acetate with lignin, which produced a 
color change from violet to blue when lignification was complete (Rossi et al., 2006). 
Thus, when a homogeneous blue color was present over the whole cell wall, cells were 
considered mature (Rossi et al., 2006).  
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4.3.4 Characterization of the dynamics of wood formation 
In order to accurately characterize the dynamics of wood formation, a statistical 
approach was used based on generalized additive models (GAMs) developed by Cuny et 
al. (2013). A GAM is a generalized linear model (GLM) in which the linear predictor 
partly depends on some unknown smooth functions (Wood, 2006). The strength of 
GAMs lies in their flexibility, i.e. their ability to deal with non-linear and non-
monotonic relationships between the response and the set of explanatory variables 
(GAMs are referred to as being data-driven). Because of this flexibility, GAMs have 
proved to be far more appropriate than parametric approaches (e.g. GLMs) to model the 
complex non-linear and non-monotonous patterns that characterize wood formation 
dynamics (Cuny et al., 2013). 
For each treatment, GAMs were fitted to the number of cells recorded in the cambial, 
enlargement, wall thickening, and mature phases using the mgcv package (Wood, 2006) 
of the R statistical software (R Development Core Team, 2011). The average cell 
numbers predicted by the GAMs were then used to quantify the kinetics (timing, 
duration and rate) of the developmental phases (cell enlargement and cell-wall 
thickening) for the different tracheids produced. First, the dates of entry of tracheids 
into each development phase (cell enlargement, wall thickening, and mature phases) 
were computed. From these dates, the durations of cell enlargement (dE, days) and wall 
thickening (dW, days) were calculated for the successive tracheids. The mean rates of 
cell differentiation (radial diameter enlargement rate rE in µm day
-1
, and wall deposition 




) were then estimated for each tracheid by dividing its final 
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dimensions (cell radial diameter and wall cross-sectional area, respectively) by the time 
it spent in the corresponding phases (dE and dW, respectively). In addition, the daily rate 
of cell production was calculated as the difference between the total numbers of cells 
predicted by GAMs for two consecutive days. 
4.3.5 Woody cells features 
In order to measure cell features, stem disks of 36 saplings (6 saplings × 3 thermal 
conditions × 2 irrigation regimes), randomly collected during the last three weeks in 
October, were stained with safranine (1% in water) and fixed on slides with a mounting 
medium. Digital images were recorded using a camera mounted on a microscope to 
measure xylem features along three paths using WinCell
TM 
(Regent Instruments Inc., 
Canada). For each cell along the paths, lumen radial diameter, lumen area, and cell-wall 
radial thickness were measured. The cell radial diameter was calculated as the sum of 
the lumen radial diameter and the double cell-wall radial thickness, and the wall cross-
sectional area was estimated based on a constant ratio of 1.2 between the tangential and 
radial wall thickness (Rathgeber et al., 2006, Skene, 1972) and assuming rectangular-
shaped tracheids (see Cuny et al. (2014), for detailed explanations). To highlight the cell 
anatomical patterns in tree-ring structure by removing high-frequency variability, cell 
diameter, cell wall area, lumen area, and wall thickness were smoothed with GAMs 
using the mgcv package (Wood, 2006) of the R statistical software (R Development 
Core Team, 2011). 
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4.3.6 Statistical analysis 
Means of predawn leaf water potential, stomatal conductance and maximum 
photosynthesis rate were compared between irrigation regimes with t-tests before, 
during and after water deficit. The comparisons among thermal conditions were 
conducted using GLM procedure in SAS (SAS Institute, Cary, NC, USA). Multiple 
means comparison was performed using Tukey's test (P< 0.05), and PDIFF option of 
the GLM procedure (Quinn & Keough, 2002). 
The goodness of fit of the GAMs was assessed using the mean absolute error (MAE) 
(Cuny et al., 2013, Willmott & Matsuura, 2005), and the mean absolute percentage error 
(MAPE, %). In addition to this, the model efficiency (EF, %) was computed (Cuny et 
al., 2013). 
The means of cell number between the different zones (cambial, enlargement, wall 
thickening and mature zone), the duration and rate of the developmental phases (cell 
production, enlargement and cell-wall thickening), and also woody cells features were 
compared using two-way analysis of variance (ANOVA procedure in SAS) with 
Tukey's test (P≤ 0.05). 
Spearman’s rank correlations were used to assess the monotonic relationship between 
the mean rates of cell differentiation (cell production rate by cambial zone, rC cells day
-
1
; radial diameter enlargement rate, rE, µm day
-1









4.4.1 Environmental conditions 
At the beginning of the experiment, the average daily air temperature in T0 greenhouse 
was 7 °C and increased to 12 °C in spring (April-May) (Fig. 1). Daily mean 
temperatures T+day and T+night were 4.5 and 5.2 K warmer on average than the T0 
(external air temperature) treatment, and followed an evolution parallel to the T0 during 
all the experiment. Maximum temperatures in T0 (around 24 °C) were reached in July. 
The temperature then gradually decreased to a minimum of 3.8 °C in October (Fig. 1). 
During the water deficit period, which lasted 25 days (from DOY 158 to 182), 
temperature in T0 ranged between 14 °C and 22 °C. 
Volumetric water content (VWC) in non-irrigated saplings decreased in all thermal 
conditions during the water deficit period (Fig. 2). From DOY 183, VWC increased 
quickly after the resumption of irrigation, reaching field capacity on DOY 200 (Fig. 2). 
After this, the VWC remained at field capacity until the end of October. 
4.4.2 Saplings water relations, gas exchanges and CO2 assimilation 
From April to May, all saplings showed optimal water status (predawn leaf water 
potential at -0.5 MPa (Table 1). A similar pattern was observed in irrigated regimes for 
gas exchange and CO2 assimilation: mean average stomatal conductance (gs) was 0.13 
mol m-2 s-1 and maximum photosynthesis rate (Amax) 7.4 μmol m-2 s-1 (Table 1). About 
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twenty days after withholding irrigation, the predawn leaf water potential of non-
irrigated saplings was lower than control saplings (-2.2 MPa versus -0.04 MPa, 
respectively) (with significant differences between irrigation regimes during the dry 
period, P < 0.001, Table 1). From DOY 171 to 181, lower values of Ψpd were observed 
in non-irrigated saplings, with values reaching -2.1 MPa in T0, -1.97 MPa and -2.38 
MPa in T+day and T+night, respectively. During the dry period, significant differences 
were observed between T0 and T+night (P < 0.001) (Table 1). On DOY 166 until the 
end of the dry period (DOY 182), Amax of non-irrigated saplings decreased from about 




 in all thermal conditions. A faster decline of Amax was 
observed at higher day and night temperatures (T+day and T+night) with significant 
differences between irrigation regimes and among temperature treatments (P < 0.0001) 
(Table 1). During the dry period, gs values declined, and were 0.02 fold lower under 
warmer conditions than control (P < 0.0001, Table 1). Average values of gs ranged from 




, for irrigated and non-irrigated saplings, respectively. After the 
resumption of irrigation the timing of the recovery of saplings was significantly affected 
by thermal regime. The non-irrigated saplings needed one week for the recovery of 
midday leaf water potential, optimal gas exchange, and CO2 assimilation in control 
conditions (T0). The recovery of predawn leaf water potential took two weeks in T+day 
and four weeks in T+night. In non-irrigated saplings, Amax started to increase after one 
week in T0, two weeks in T+day and after four weeks in T+night. However, in non-




4.4.3 Wood formation dynamics 
GAMs functions gave a good fit of the change in cell numbers in the different 
development phases with model efficiency varying between 53 and 78% (EF, Table 2). 
The MAE increased with the stage of cell differentiation (i.e. from cambium to mature 
cell) reflecting the variance increase in the number of formed cells (Nm and NTotal) 
among saplings (Table 2 and Fig. 3). In May, when the experiment started, cell division 
was already active in all treatments as 6-7 cells were observed in the cambial zone (Fig. 
3). The GAMs showed a curved shape with a peak at the end of May and a progressive 
decrease around the end of August and beginning of September at warmer temperatures 
and T0, respectively. The end of cell production was reached when the number of cells 
in the cambial zone returned to similar values to that recorded during the dormant state 
based on anatomical observations. The number of cambial cells did not change 
significantly between irrigation regimes, but temperature was found to have a 
significant effect during the water deficit period (Table 3). The number of cells in 
enlargement increased rapidly from the beginning of the experiment to the end of May 
in all treatments. The peak of cell enlargement ranged from the end of May to the 
beginning of June at warmer temperature and T0, respectively, but without significant 
effect. During water deficit imposition, the number of cells in enlargement decreased 
significantly faster for non-irrigated seedlings, and then remained stable for 3-4 weeks 
after water resumption in all thermal conditions, suggesting that fewer tracheids were 
entering differentiation (Fig. 3). After water resumption, the number of cells in 
enlargement showed significant differences. 
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In all thermal conditions, the seasonal dynamics of the number of cells in the wall 
thickening phase in non-irrigated saplings showed bimodal curves with a first peak at 
the end of May and a second higher peak after the water deficit period (Fig. 3). In 
contrast, the number of cells undergoing secondary wall formation and lignification 
reached a maximum at the beginning of July in irrigated saplings (Fig. 3). Significant 
differences in the number of cells in wall thickening were detected between irrigation 
regimes (Table 3). In non-irrigated saplings, the number of mature cells increased in the 
same manner as irrigated ones until the beginning of June, but the increase slowed down 
for several weeks during the water deficit. Significant differences were observed in 
mature and total cells between irrigation regimes and among thermal conditions (Table 
3). 
4.4.4 Kinetics of tracheid development 
In non-irrigated saplings, the rate of cell production by cambium varied in time, 
showing a bimodal pattern. The rate followed a pronounced and significant decrease 
throughout the drought period (Table 4) even reaching 0 at the end, but was able to 
resume as soon as irrigation restarted. The second drop corresponded to the normal end 
of the growing season (Fig. 4). The significant drop in cell production rate during 
drought explained the slowdown in the cell increment patterns of non-irrigated plants 
(Table 4): the total number of cells stopped increasing during drought while it continued 
to increase for the irrigated saplings (Fig. 3). Irrigated saplings presented three changes 
in the growth rate (Fig. 4). A first peak was observed at the end of May, in 
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correspondence to the culmination of the number of cells in cambium and in 
enlargement. A second major peak occurred at the beginning of July when the number 
of cells in the wall thickening phase increased. The small dip at the end of August (T0) 
was more pronounced in T+day at a temperature higher than 23 °C, and a third peak 
occurred at the beginning of September in T+night, when night-time temperature ranged 
between 19 and 24 °C (Fig. 4). 
The warming and drought treatment affected the duration and rates of cell enlargement. 
The dE values of irrigated saplings exhibited very few changes during the growing 
season and reached a maximum of 8-9 days in mid-July, while dE values of non-
irrigated plants increased about 3 fold (from 5 to 18 days) during water deficit, and then 
returned to the initial value (around 5 days) two weeks after the resumption of irrigation 
(Fig. 4). During the dry period, the increase of dE was more pronounced in non-irrigated 
saplings at T0 than warmer temperatures, although this difference was not statistically 
significant. The significant decrease in dE was more pronounced for T+night (19%) than 
in T0 and T+day (Table 4). During the water deficit, however, rE of non-irrigated 
saplings dropped about 3 fold (from 3 to 1 µm day
-1
) and was significantly lower than in 
irrigated saplings. Significant increases were observed in rE of T+night and T+day 
compared with T0, with 38% and 18% of change, respectively. Significant differences 
were observed between irrigation regimes for the duration of the enlargement phase: dE 
in non-irrigated saplings was on average 21% longer than in irrigated saplings (5.17 
days versus 4.29 days, respectively), but the rate of enlargement decreased by 11% 
(4.23 versus 4.76 µm day
-1
, Table 4). 
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During the drought period, the duration of cell-wall thickening (dW) in non-irrigated 
saplings more than doubled (from 10 to 20-28 days) with a less pronounced increase at 
warmer day and night conditions, whereas it stayed constant at the beginning (around 11 
days) in irrigated saplings, increasing specially at the end of growing season (Fig. 4). 
Two weeks after the resumption of irrigation, the dW in non-irrigated saplings returned 
to being similar to control ones (around 10 days). However, while dW increased in non-
irrigated saplings during water deficit, the rate of cell wall deposition (rW) decreased 
about 2 to 3 fold (from 15 to 5 µm² day
-1
) and was 37% lower than irrigated saplings. 
During daytime and night-time warming, dW values showed a significant effect of 
temperature and was on average 22% and 24% shorter than T0, respectively (Table 4). 
The cell wall deposition rate was 8% lower in non-irrigated than in irrigated saplings 
(17.7 vs. 16.2 µm² day
-1
, respectively, P<0.0001, Table 4). The irrigated saplings 
growing in the warmer conditions (T+night and T+day) showed similar patterns of rW 
with 2 abrupt peaks in mid-July and mid-September, while temperature increased 
ranging between 19 and 25 °C. Positive correlation was observed between day warming 
and cell wall deposition rate (Table 6). During day and night warming significant 
differences were observed in rW, which was 14% and 28% faster than in T0 on average 
(Table 2). 
4.4.5 Woody ring features 
In general, mature xylem cells in irrigated saplings were only 4% larger than in non-
irrigated saplings (on average, 16.7 vs. 16.0 µm in radial diameter, respectively). Before 
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water deficit imposition, cell diameter exhibited similar patterns in all treatments (Fig. 
5). Twenty days after re-watering, only non-irrigated saplings in warmer conditions 
presented lower values than irrigated ones. From the end of July until the end of 
October, saplings growing in warmer conditions showed higher values than T0. 
Cells of irrigated saplings exhibited 12% more cell wall area on average than those of 
non-irrigated saplings (167 vs. 148 µm² in wall cross area, respectively). The patterns of 
variation in cell wall area were similar among thermal conditions until the first week of 
water deficit imposition. At the end of water deficit (from DOY 170 to 181), the wall 
cross area of tracheids in non-irrigated saplings was significantly lower than that in 
irrigated saplings (Table 5). In addition, significant differences were observed in wall 
cross area according to thermal conditions (P<0.0001, Table 5). At T0, irrigated 
saplings reached 200 µm
2 
at the end of July and then decreased to around 50 µm
2
. 
Under warmer temperature, the cell wall area of irrigated saplings presented a bimodal 
pattern with two peaks in mid-July and the end of August (Fig. 5). In non-irrigated 
saplings, cell wall area ranged from 130 to 150 µm
2
 from the middle of the water deficit 
period until the end of July, and then showed maximum values shifted to September. 
Lumen area was slightly but significantly different between irrigation regimes 
(P<0.0001, Table 5). Because they contained more wall material, cells of irrigated 
saplings had a lumen area 5% lower on average than cells of non-irrigated saplings (130 
vs. 136 µm², respectively). The cells lumen area of the irrigated saplings at T0 
progressively decreased from 250 µm
2
 to 20 µm
2
 or less along tree ring. In warmer 
conditions, cell lumen area of non-irrigated saplings remained stable during water 
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deficit with values ranging around 150 μm2 until mid-July, and then reduced to 20-30 
μm2 at warmer conditions at the end of autumn (Fig. 5). 
Cell wall thickness also differed slightly but significantly according to the irrigation 
regime (P < 0.0001, Table 5). Indeed, because they contained more wall material for 
almost the same size, cells of irrigated saplings had walls about 11% thicker than those 
of non-irrigated saplings. From DOY 158 to DOY 166, cell wall thickness was quite 
similar between all treatments (reaching around 2 µm, Fig. 5). From DOY 170, the 
values remained at about 2 µm without increasing for non-irrigated saplings. By 
comparison, cell wall thickness of irrigated saplings kept increasing (T0) or reached 
values of about 2.5 to 3 µm in T+day and T+night. The maximum cell wall thickness 
was reached at the end of October, and was 3.6 µm in non-irrigated saplings and 4 µm 
in irrigated saplings. 
4.4.6 Effects of temperature on rates of cell differentiation 
The value of cell production rate (rC) increased with the increasing of temperature 
during the growing season with correlation ranging between 0.37 and 0.52 depending of 
the treatments (Table 6). The highest correlations in rC were found for T+night of 
irrigated saplings followed by T+day in non-irrigated saplings. The highest correlation 
in rE was found for T+day of irrigated saplings. No significant correlation was observed 
in rE for T+night in irrigated saplings. In irrigated saplings, wall deposition rate was 






4.5.1 Warming and drought influences on xylem cell production 
The imposition of 25 days of water deficit strongly decreased cell production rate in 
non-irrigated saplings at all thermal conditions. Cell division was affected by water 
deficit, as observed in previous studies on young trees (de Luis et al., 2011, Rossi et al., 
2009). We demonstrated that under reduced water availability, cell production was 
strongly inhibited. At the end of water deficit, the rate of cell production was reduced by 
86% in non-irrigated saplings.  In situ observations show that conifers in dry 
environments produce fewer cells and so thinner tree-rings (Camarero et al., 2010, 
Vieira et al., 2013). Some of them, like Scots pine, can even stop cambial activity 
earlier when drought is too severe (Eilmann et al., 2011, Gruber et al., 2010, Ren et al., 
2015). However, during our experiment, we observed that cambium is highly plastic 
and can resume cambial activity as soon as conditions again become favorable for 
growth. For mature black spruce, Rossi et al. (2014) observed a greater variability in 
rate of cell production due to the site (from 0.2 to 1.1 cells day
-1
), where a thermal 
latitudinal gradient differently affected the duration of cell differentiation and number of 
formed cells. Although those values appear similar to the results obtained in this study, 
we demonstrate that the application of a combination of abiotic stresses (temperature 
and water availability) strongly influenced cell production rate in a specific time of the 
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growing season, suggesting a synchronic balance between rate and duration in building 
the tree-ring.  
Given that growth processes, such as cell division, do not respond linearly to 
temperature (Körner, 2006), we found that the rate of cell production at T+night and 
under water deficit did not decrease till zero. A very low rate of cell production was 
maintained, allowing a faster increase in cell division after the water deficit period. 
Previous studies proved that cell production occurs during the night (Saveyn et al., 
2007, Turcotte et al., 2011) and the present study confirmed this trend. In addition, the 
irrigated saplings grown under warmer conditions maintained a high cell production rate 
at the end of the growing season, which was even doubled during night-time warming. 
This could explain the higher correlations observed between radial growth and night 
temperature. 
4.5.2 Xylem cell differentiation compensation under drought and warming 
The saplings responded to water deprivation by considerably decreasing the rates of all 
sub-processes of xylogenesis (cell division, cell enlargement and wall deposition), but 
these rate reductions were compensated by increases in the durations of the 
corresponding sub-processes. While the rates of enlargement and wall deposition 
decreased by about 3 fold during water deficit, the durations of these processes 
increased by 2-3 fold, thus this mitigated the negative impact of water deficit on tree-
ring structure. The occurrence of such a compensatory effect could be caused by the 
necessity to maintain leaf efficiency and functionality, ensuring that enough water 
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reaches the foliage for maintaining leaf physiological processes. The existence of 
compensatory mechanisms that limit the impact of biotic stress on plants has been 
already demonstrated. For example, when defoliation occurs, growth is suppressed and 
growth compensation has also been proposed to sustain physiological process like 
photosynthesis, stomatal conductance and senescence (Collin et al., 2000, Iqbal et al., 
2012, Striker et al., 2008). 
For the first time, our investigations have unraveled how wood formation kinetics 
respond to abiotic stress. When water stress occurs, cell production rates fall, and newly 
produced cells no longer push differentiating cells out of their zone. Consequently, 
differentiating cells get “stuck” in the differentiation stages of expansion and wall 
thickening (Figure 3-4). Seen this way, the compensatory mechanism could be a 
consequence of the internal dynamics of the wood forming tissues and would be 
activated in order to complete, as well as possible, cell development when optimal water 
conditions resume. Turgor maintenance is required in all growth processes, from cell 
division to the deposition of cell wall polysaccharide (Pantin et al., 2011, Proseus et al., 
2000). In the case of cell enlargement, an adequate turgor pressure for irreversible cell 
wall expansion was estimated at about 0.9 MPa (Génard et al., 2001), a value 
representing the wall yielding threshold. In the absence of water deficit, this threshold is 
normally reached after sunset when the water again flows from the xylem to the living 
cells near the cambium (Steppe et al., 2015). Although we did not measure turgor 
pressure, its values follow the same decreasing trend as water potential. As our 
measurements of both predawn and midday leaf water potential indicate values close to 
-2.2 MPa (see Table 1), the drop observed in the rate of cell enlargement could thus 
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reflect the direct effect of low turgor pressure. These values were consistent with the 
physiological reaction observed in black spruce seedlings (Stewart & Bernier, 1995, 
Walsh et al., 2015). The low water potential values are related with low osmotic 
potential caused by solute accumulation in the living cells (i.e. sugars, ions and proteins) 
(Major & Johnsen, 1999, Proseus et al., 2000). In black spruce, the accumulation of 
raffinose, an osmotically active sugar, started at a water potential lower than -1 Mpa 
(Deslauriers et al., 2014), possibly indicating the value at which the water started to 
flow from the living cells to xylem and the reduction of turgor pressure. Therefore, the 
cells “stuck” in the enlargement phase possibly increase the duration of this phase 
“awaiting” the adequate turgor pressure for cell growth. 
In our study, drought decreased gas exchange during and after re-watering (gs and Amax 
decline to zero at all thermal conditions, Table 1). The observed reductions in 
photosynthetic production in non-irrigated saplings thus implied a decrease in carbon 
availability, as observed in Deslauriers et al. (2014). Carbohydrates play a central role 
in the modulation of xylogenesis (Ainsworth & Bush, 2011); indeed sugars represent 
the primary resource for cell wall deposition (Deslauriers et al., 2014, Giovannelli et al., 
2007, Pantin et al., 2013). Carbon constraints could explain the compensatory effect 
occurring during cell wall formation. During prolonged water deficit, sugars are more 
likely to be sequestered for osmoregulation and cannot fully sustain cell wall deposition 
(Deslauriers et al., 2014, Pantin et al., 2013). Therefore, the non-availability of carbon 
for maintaining a high cell wall deposition rate is possibly compensated by an increase 
in process duration, ensuring the building of optimal cell walls. 
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We showed that the compensatory mechanisms, represented here by an increase in the 
duration over rate, mitigated the drought impact on xylem anatomy. Cuny et al. (2014) 
highlighted the relative contribution of duration and rate of xylogenesis sub-processes in 
the resulting tree-ring anatomy: cell enlargement duration contributed to 75% of change 
in cell diameter, while changes in cell wall thickness were principally attributed to 
changes in cell size (67%). Thus, cell diameter and lumen area were only slightly 
modified, while cell wall cross area and thickness partially decreased because the drop 
in the rate of wall deposition was not fully compensated by an increase in the duration 
of the process. This impact was evidenced in wood density by Balducci et al. (2015). 
However, the change in rate and duration of wall deposition contributes less (about 
33%) to the wall thickness and wood density than cell size (Cuny et al., 2014). This 
confirmed that the compensation in cell enlargement contributes to largely mitigate the 
impact of drought on wood anatomy. Under stressed conditions, the adaptation of the 
hydraulic system to drought involved the tree ring morphology. Indeed, under water 
deficit and warming, lighter value of wood density can reflect a lower carbon allocation 




Innovative analyses of tree-ring development were performed in this study, providing 
new insights into the influence of water stress and warming on xylem formation and 
structure in black spruce. We demonstrate that xylogenesis sub-processes cope with 
changing water and thermal conditions in order to maintain the tree-ring anatomy. 
Indeed, we found the existence of compensatory mechanisms occurring in the wood 
formation process in response to abiotic stress. These compensatory effects limit the 
negative effects of multistress on xylem structure, a crucial trait of plant functioning 
providing both mechanical stability and water transport along the tree stem. This study 
highlights the contrasting sensitivity of tree-ring width and structure; the former being 
highly plastic and the latter very conservative. This strategy appears to be valuable for 
recovery after a water deficit. Further researches are needed to confirm these findings 
and these should focus on the carbon and turgor pressure threshold at which the 
compensatory mechanism starts to occur. In particular, it needs to be verified if the 
compensatory mechanism is a feature of adaptation in trees as in other species living in 
drier areas – such as some temperate and Mediterranean species – where smaller cells 
with a thick cell wall (De Micco et al., 2007) and even a false ring (Battipaglia et al., 
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Table 4.1 Ecophysiological measurements conducted in black spruce saplings before, 
during and after the water deficit period at three thermal conditions (T0 control 
temperature; T+day, 6 °C higher daytime temperature; T+night, 6 °C higher night-time 
temperature). Mean (±SD) are reported for pre-dawn leaf water potential (Ψpd, MPa), 




) and gas exchange 




). P values of ecophysiological parameters were 
calculated between irrigation regimes (Water), among thermal conditions (Temp) and 
for interaction between irrigation regimes and thermal conditions (Water × Temp) and 






Table 4.2 Mean absolute error (MAE, cell), mean absolute percentage error (MAPE, %) 
and model efficiency (EF, %) calculated from the fittings of generalized additive model 
(GAMs) on the number of cells in the cambial, enlargement, wall thickening and mature 
zones for black spruce saplings before, during and after the water deficit at three 
thermal conditions (T0 control temperature; T+day, 6 °C higher daytime temperature; 
T+night, 6 °C higher night-time temperature). 
 
Treatment Zone MAE (cell) MAPE (%) EF (%) 
T0 × Irrigated 
Cambial 1.00 17 62 
Enlargement 0.86 51 53 
Wall thickening 1.53 36 66 
Mature 8.26 23 78 
T+day × Irrigated 
Cambial 0.98 17 60 
Enlargement 0.81 48 55 
Wall thickening 1.53 36 53 
Mature 10.29 25 77 
T+night × Irrigated 
Cambial 1.06 18 58 
Enlargement 0.78 49 57 
Wall thickening 1.41 36 62 
Mature 11.11 27 74 
T0 × Non-irrigated 
Cambial 1.09 18 56 
Enlargement 0.80 50 58 
Wall thickening 1.41 40 59 
Mature 8.12 26 74 
T+day × Non-irrigated 
Cambial 1.10 18 51 
Enlargement 0.88 46 52 
Wall thickening 1.20 35 60 
Mature 7.46 26 75 
T+night × Non-irrigated 
Cambial 0.99 17 63 
Enlargement 0.84 53 51 
Wall thickening 1.34 39 55 
Mature 8.17 26 73 
Overall Means 
Cambial 1.04 18 58 
Enlargement 0.83 50 54 
Wall thickening 1.40 37 59 
Mature 8.90 26 75 
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Table 4.3 P values calculated between irrigation regimes (Water), among thermal 
conditions (Temp) and interaction between irrigation regimes and thermal conditions 
(Water × Temp) for cell number observed in the different zones of differentiation 
(cambial, enlargement, wall thickening, mature zone and total cells) in black spruce 
saplings before, during and after water deficit Significant effects (P≤ 0.05) are 
highlighted in bold.  
 
    
P values 
n (Cells) Time Water Temp Water × Temp 
 
Before 0.2936 0.5452 0.6711 
Cambial cells During 0.2514 0.0100 0.4005 
  After 0.9459 0.394 0.5754 
 
Before 0.6773 0.7151 0.186 
Enlargement cells During 0.0755 0.4547 0.3951 
  After 0.8011 0.0067 0.2515 
 
Before 0.0726 0.0816 0.1279 
Wall-thickening  During 0.0397 0.4321 0.0595 
cells After <.0001 0.0017 0.6267 
 
Before 0.2652 0.0253 0.1019 
Mature cells During 0.0218 0.2324 0.2214 
  After <.0001 0.0006 0.0375 
 
Before 0.1274 0.0542 0.1517 
Total cells During 0.2725 0.3637 0.2162 










Table 4.4 Mean rate (±SE) of cell radial production by cambium (rC, cell day
-1
), cell 
enlargement (rE, µm day
-1




) before, during and 
after the water deficit period (Water, W) in black spruce saplings at three thermal 
conditions (Temperature, T). The mean duration is also reported for the phases of cell 
enlargement (dE, days) and cell wall deposition (dW, days). The percentages of change 
(%) were calculated between irrigation regimes (Water), among thermal conditions 
(Temp) and interaction between irrigation regimes and thermal conditions (Water × 
Temp). The percentage of change (%) indicates positive or negative changes on the rate 





Table 4.5 P values for cell diameter, cell-wall area, lumen area and cell-wall thickness 
along relative portion of tree ring (%) in black spruce saplings during the experiment in 
2011calculated between irrigation regimes (Water), among thermal conditions (Temp) 
and interaction between irrigation regimes and thermal conditions (Water × Temp). 







Table 4.6 Spearman correlations coefficients between the mean rates of cell 
differentiation (cell production rate by cambium, rC cells day
-1
; radial diameter 
enlargement rate, rE, µm day
-1




) and daily mean 
temperature (°C) during the greenhouse experiment in 2011. Thermal conditions are 
presented as control (T0), temperature increase during the day (T+day) and temperature 
increase during the night (T+night). Significant correlations (P≤0.05) are highlighted in 
bold. 
 
Rate Irrigated  Non-irrigated 
 
T0 T+day T+night 
 
T0 T+day T+night 
rC 0.48 0.34 0.52 
 
0.47 0.49 0.37 
rE 0.33 0.55 0.27 
 
0.39 0.33 0.42 
rW 0.05 0.40 0.18  


















Figure 4.1 Mean of daytime (left figure) and night-time (right figure) temperatures 






Figure 4.2 Volumetric water content (VCW) of soil in irrigated (I) and non-irrigated 
saplings (NI) before, during and after the water deficit period (white, light grey and dark 
grey background) at three thermal conditions (T0 control temperature; T+day, 6 °C 
higher daytime temperature; T+night, 6 °C higher night-time temperature) during the 




Figure 4.3 Radial number of cambial (nC), enlargement (nE), wall thickening (nW), 
mature (nM) and total cells (nTotal) in black spruce saplings before, during and after the 
water deficit period weekly (white, light grey and dark grey). Blue and red curves 
indicate the mean number of cells in irrigated and non-irrigated saplings, respectively. 





Figure 4.4 Rate of cell radial production (rC) in the cambial zone, rates of enlargement 
(rE) and rate of wall deposition (rW), duration of enlargement (dE) and duration of wall 
deposition (dW) as computed from generalized additive models (GAMs). Blue and red 
curves indicate the number of cells in irrigated and non-irrigated saplings, respectively. 
White, light grey and dark grey background correspond to before, during and after the 




Figure 4.5 Cell features of the tracheids produced by irrigated and non-irrigated black 
spruce saplings at three thermal conditions (T0 control temperature; T+day, 6 °C higher 
daytime temperature; T+night, 6 °C higher night-time temperature) before, during and 
after the water deficit period. Blue and red curves indicate two irrigation regimes. Dark 
grey corresponds to cells with their entire enlargement (for curve of cell diameter) or 
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Recent droughts and warming in boreal regions represent the multiple dimensions of 
climate events. Continuous monitoring of plant water status has important potential to 
detect processes related to short- and long-term dynamics of tree stem depletion and 
replenishment under climate change. This study investigates the stem radial variations 
of Picea mariana saplings growing in a greenhouse. In 2011 and 2012, four-year-old 
plants were grown in warmer conditions during the day (Diurnal+T) or during the night 
(Nocturnal+T) at a temperature 6 °C higher than air temperature (T0) with a dry period 
of about 1 month in June 2011 and three cyclic droughts at the end of May until mid-
July in 2012. High-resolution analysis of stem radius variations with automatic point 
dendrometers and leaf water relations were monitored from May to October of each 
year. This study evidenced that stem radius variations were not influenced just by water 
soil availability or water deficit intensity and duration, but that temperature was an 
important driver of stem size oscillation. The stem water balance demonstrated an 
important dependence between midday water potential and temperature. A prolonged 
water deficit caused a greater effect on stem contraction than recurrent droughts. The 
presence of a carry-over effect at the end of the recurrent drought cycles could influence 
the climatic signal strength in evergreen species of the boreal forest. 
 




Symbols/abbreviations and units: 
T0, greenhouse with a similar temperature to that of external air temperature; 
Diurnal+T, greenhouse with temperature 6 °C higher than T0 during the day; 
Nocturnal+T, greenhouse with temperature 6 °C higher than T0 during the night; Ψpd, 
pre-dawn leaf water potential; Ψmd, midday leaf water potential; gs, stomatal 
conductance; Amax, maximum photosynthesis rate; DOY, day of the year; VWC, 




Favorable water transport conditions in trees mostly depend on hydraulic architecture, 
which define the functionality and conductivity of the xylem. In trees, the conditions of 
non-stationary or dynamic water flow are subjected to a time lag between the water loss 
through canopy transpiration and water absorption by roots (Goldstein et al., 1998, 
Schulze et al., 1984, Steppe et al., 2002). Transpiration is a passive process controlled 
by stomata and influenced by microclimatic conditions such as solar radiation, air 
saturation deficit, and wind speed (Kramer, 1964). In most ecosystems, transpiration 
commonly follows a diurnal pattern, with water loss from the leaves during the day 
partly drained from the stem storage compartments [ray parenchyma and phloem 
(Kavanagh et al., 2007)]. The water storage in the stem compartment can buffer the 
difference in plant water content that is created as a result of canopy transpiration and 
root absorption (Goldstein et al., 1984, Phillips et al., 2009). The water loss is correlated 
with a decreasing of stem water storage, which corresponds to 12-15% of daily 
transpiration during the summer (Loustau et al., 1996, Phillips et al., 2010). Movement 
of water into the tree is correlated with the capacity of sapwood cells to store it and 
release it during transpiration (Meinzer et al., 2003). The hydraulic capacitance of the 
stem may have significant implications for plant safety in response to a perturbation 
(Meinzer et al., 2009, Phillips et al., 2009) or in mitigating the effect of environmental 
stresses on plant water balance. 
Several studies have shown that automatic dendrometers provide an important proxy to 
assess daily signal of stem radius variations linked to the dehydration/rehydration cycle 
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of the stem (Turcotte et al., 2011, Zweifel et al., 2010). In the last decades, the water 
storage dynamics of trees have received a lot of attention; indeed stem radius variation 
measured by automatic dendrometer can better document stem water status as well as 
short-term growth responses (Deslauriers et al., 2003, Downes et al., 1999, Herzog et 
al., 1995). These measurements reveal that stem water relations are influenced by 
variations in soil moisture availability and evaporative demand (Cocozza et al., 2012, 
Giovannelli et al., 2007). Similarly, precipitation regime can influence the dynamics of 
depletion and replenishment of the stem water storage compartment in a water limited 
environment (Biondi and Rossi, 2014). It is postulated that recurrence of water deficit 
caused by the expected future environmental changes could cause a decrease in soil 
water availability, which might reflect in a reduction in water reserves, thus increasing 
the vulnerability of the water transport system in plants. 
Warming and drought limit tree growth. The recent droughts in boreal regions 
illustrated the multiple dimensions of climate events, including negative impacts on tree 
survival and productivity (Peng et al., 2011). A reduction in precipitation combined 
with warmer temperature may induce negative effects on growth as a result of increased 
evaporative demand (Lindner et al., 2002, Price et al., 2013). However, recent evidence 
showed that in mature black spruce growing in boreal ecosystems, artificial drought 
conditions during three consecutive summers did not affect stem water status and radial 
growth (Belien et al., 2014). This may be due to compensatory mechanisms used by 
black spruce to drought and warming (Balducci et al., 2015b), however, in other 
biomes, such as in tropical and Mediterranean regions, drought was the main limiting 
factor for growth (Cocozza et al., 2015, Urrutia-Jalabert et al., 2015, Vieira et al., 2013). 
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Continuous monitoring of plant water status with dendrometers has important potential 
to detect processes related to short- and long-term dynamics of tree stem water 
depletion and replenishment under climate change. As the response of trees largely 
depends on species and local conditions, the assessment of stem water status and tree 
growth could elucidate trees sensitivities to climate change. 
Daily changes in stem radius are a result of periodicity and can be associated to 
circadian rhythms (Turcotte et al., 2009). In the literature, daily stem radius variations 
were divided into three distinct phases: contraction, expansion and increment (Turcotte 
et al., 2009, Downes et al., 1999) and it was postulated that the circadian rhythms were 
generated in response to a dehydration/rehydration cycle within the stem (Tognetti et 
al., 2009). Some studies found that the circadian cycles of dehydration and rehydration 
occur mainly in the living cells (cambium, phloem, bark, rays parenchyma) (Zweifel 
and Hasler, 2001, Steppe et al., 2006). The stem water reserves decrease during the day 
and are refilled during the night (Zweifel and Hasler, 2001). In non-limiting water 
conditions, stem water refilling can take place during the night when transpiration is 
minimized (Čermák et al., 2007, Goldstein et al., 1998). Night-time stem water 
replenishment is an important mechanism by which a consistent proportion of the water 
lost by transpiration during the day is restored within the storage tissues; the daily water 
storage generally contributes 15–25% of daily transpiration, but it can be up to 50% 
during drought periods (Goldstein et al., 1998). Therefore, an important factor for the 
full replenishment of the water storage compartments, and as a result radial growth, is 
the duration of night-time refilling. 
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At northern latitudes, the shorter and warmer nights during the summer may be 
insufficient for complete stem water replenishment even when water is not a limiting 
factor (Kavanagh et al., 2007). Nocturnal water transport within the stem could differ 
substantially from daytime water transport under important ecological drivers such as 
temperature and water. In the climate change scenarios, night-time temperature is 
predicted to increase more than daytime (Casati and de Elia, 2014, IPCC, 2013), thus it 
could affect the physiological mechanisms and stem water storage within the plant more 
than daytime temperature. Because nocturnal water fluxes are considered significant for 
plant water relations (Dawson et al., 2007, Zeppel et al., 2010) and plant growth (Muller 
et al., 2011), a crucial question arises about how stem water relations will be affected by 
future nocturnal and diurnal warming in combination with drought. 
This study investigated the effects of warming and drought on stem radius variations 
(duration and amplitude) of black spruce saplings using dendrometers. We tested the 
following hypotheses:  
(i) Under a diurnal warming, the higher water loss during the day will increase stem 
contraction. At night, rehydration will increase stem expansion to compensate for the 
water loss during the day.  
(ii) Under a nocturnal warming, the lower water loss during the day will decrease stem 
contraction. At night, rehydration will decrease during reducing stem expansion. 
(iii) Both duration and amplitude of stem contraction and expansion will change 
according to the intensity of water deficit. 
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5.3 MATERIALS AND METHODS 
5.3.1 Experimental design 
Two independent experiments were conducted in 2011 and 2012 on 4-year-old black 
spruce [Picea mariana (Mill.) B.S.P.] saplings growing in a greenhouse at Chicoutimi, 
Canada (48°25′N, 71°04′W, 150 m above sea level). Saplings were collected from a 
local the public nursery in Sainte-Luce, QC, Canada. In summer 2010 and 2011, before 
the beginning of the experiment, the saplings were transplanted into plastic reversed-
conic pots (4.5 litres in volume) and grown in an open field until the following spring. 
In April 2011 and 2012, 18 saplings of homogeneous size (53.01 ± 8.8 cm in height and 
10.43 ± 1.79 mm in diameter at the collar) were randomly selected. Different irrigation 
and temperature regimes were applied in three sections of the greenhouse. In the control 
thermal regime (named T0) plants were grown under external air temperature, while the 
other two sections were subjected to specific thermal regimes. In 2011 and 2012, plants 
were grown in warmer conditions during the day Diurnal+T (from 07.00 to 19.00 h) or 
during the night Nocturnal+T (from 19.00 to 07.00 h) at a temperature 6 °C higher than 
T0. During both experiments, continuous heating was applied in greenhouses with 
electronic system (computer and electronic thermostat, Harnois’s System, QC, Canada) 
and processed according to Balducci et al., (2013, 2015). During maximum xylem 
growth, when saplings are more susceptible to dry conditions, two irrigation regimes 
were applied: (i) control (named, irrigated saplings), consisting of maintaining the soil 
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water content at ~80% of field capacity; and (ii) water deficit (named, non-irrigated 
saplings), in which irrigation was withheld for 25 days in June 2011 for 3 saplings per 
thermal condition and processed according to Balducci et al., (2013, 2015). In 2012, 
from the end of May until mid-July, three cyclic droughts were applied by withholding 
irrigation. The first and second drought periods were followed by a 6 and 5 days 
recovery period, respectively, with the resumption of the irrigation, while all saplings 
were watered until the end of October after the third drought cycle. In each drought 
cycle irrigation was resumed when the soil water content reached 10% (threshold 
values). 
5.3.2 Data collection 
Leaf water potential was measured from May to August on branches of the first whorl 
of 18 saplings (3 saplings × 3 thermal conditions × 2 irrigation regimes per week). Pre-
dawn [Ψpd] and midday [Ψmd] leaf water potentials were measured using a pressure 
chamber (PMS Instruments, Corvalis, OR). To exclude vibrations to the dendrometers 
anchored on the saplings, the volumetric water content (VWC) of the soil was measured 
weekly by time domain reflectometry for 6 other plants per treatment grown in the same 
three sections of the greenhouse (TDR Fieldscout 300). The measurements were taken 
at 7 cm depth in each pot, replicated twice at the same time and processed according to 
Balducci et al., (2013, 2015) and Topp et al., (1984). 
Stem radius variations (µm) were monitored using automatic point dendrometers. 
Dendrometers were appositely constructed for saplings with a sensing rod held against 
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the outer surface of the bark by a constant force (Fig. 5.1). The rod was made of 




, the macro 
sensor PR750 (Pennsauken, NJ) ranges from 1.25 mm to 250 mm and offers a core-to-
bore radial clearance of 0.25 mm with the standard core supplied. The PR750 sensor 
output V1/Vx ratio is converted into the value (length of sensor, mm) using a linear 
calibration regression equation (Loggernet software, Campbell Scientific, Inc., Logan, 
Utah). The instrument consists of a displacement transducer that is anchored to a plastic 
holder fixed with four screws into the soil (Fig. 5.1). Dendrometers were installed on 18 
saplings at a height of about 5 cm above the collar from spring to autumn (May–
October) 2011 and 2012. Stem size variation was recorded every 15 min and averaged 
over each hour (Deslauriers et al., 2003). The temperature variation does not affect the 
sensor measurements due to the thermal expansion of the frame. 
5.3.3 Stem variation phases 
Stem cycle extraction was performed using a three-step procedure composed of two 
SAS routines (SAS Institute, Inc.) specially developed to analyze hourly automatic 
dendrometer data (Vieira et al., 2013). The procedure divides the series into distinct 
phases: (1) contraction the period between the first maximum radius and the next 
minimum; (2) recovery, the period from the minimum until the position of the previous 
maximum value or when the stem reverts to a contraction phase (Turcotte et al., 2009, 
Turcotte et al., 2011). The SAS routines calculated the amount of stem radial variation 
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and its relative duration (Deslauriers et al., 2011). The duration in hours (h) of each 
cycle and phase was also calculated. 
5.3.4 Statistical analyses 
Across water and thermal treatments, Spearman’s rank correlations were used to assess 
the monotonic relationship between the pre-dawn (Ψpd) and midday Ψmd leaf water 
potential and mean daily temperature during the two experiments in 2011 and 2012 
(Quinn and Keough, 2002). 
Logistic regression analyses for the duration of contraction and expansion in black 
spruce saplings were calculated between irrigation regimes and among thermal 
conditions. The proportion between the duration of the contraction and expansion phase 
was compared using PROC LOGISTIC (P<0.05). The comparisons among thermal 
conditions and irrigation regimes were then performed using slice option procedure in 
SAS (SAS Institute, Cary, NC) and were executed separately for three periods in 2011 
and for seven periods in 2012 to determine the influence of treatments on the amplitude 
of stem variation and circadian stem cycle duration. A general linear model (GLM) was 
used to perform the univariate analysis of split plot repeated measured data of amplitude 
for each phase (contraction and expansion) (Moser and Saxton, 1990). In order to 
compare these phases between periods and treatments, we grouped separately three 
periods in 2011 and seven periods in 2012. Contrasts were applied to investigate the 
difference between irrigation regimes and among thermal conditions within periods 




5.4.1 Growth conditions 
During 2011, Diurnal+T and Nocturnal+T were, on average, 4.5 and 5.2 °C warmer 
than T0, while in 2012 they were 4.6 and 4.3 °C warmer (Fig. 5.2). In both years, during 
the water deficit, daily temperature in T0 varied between 14 °C and 22 °C. Maximum 
temperatures of ~24°C for T0 were reached in July. A gradual decrease in temperature 
was then observed from the end of August, until a minimum of about 4 °C. 
During the 25 days of water deficit in 2011, the volumetric water content (VWC) of 
non-irrigated saplings decreased in all thermal conditions. After the drought period, 
VWC increased quickly and field capacity was reached on DOY 200, 20 days after the 
resumption of irrigation (Fig. 5.3). After DOY 183, the VWC was maintained at field 
capacity until the end of the experiment. During the experiment in 2012, VWC of 
irrigated saplings ranged from 40 to 50% in all thermal conditions (Fig. 5.3). During 
three cycles of water deficit, VWC of non-irrigated saplings ranged from 8 to 11%. In 
all treatments, non-irrigated saplings recovering from the third drought cycle showed a 
similar trend to irrigated saplings. VWC of non-irrigated saplings was generally lower 
in warmer conditions than in the control (25% vs. 40%), and rapidly increased in the 
second and third rehydration periods (Fig. 5.3). 
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5.4.2 Relationship between temperature and plant water potential 
The midday leaf water potential (Ψmd) significantly decreased with increasing 
temperature (Table 5.1). During water deficit, lower values of Ψmd were observed in 
non-irrigated saplings, with values reaching –2.1 MPa, –1.95 MPa, and –2.38 MPa in 
T0, Diurnal+T and Nocturnal+T, respectively. The value of Ψmd decreased with the 
increasing of diurnal and nocturnal warming with correlation coefficients ranging from -
0.66 to -0.52 depending on the treatments. In both years the highest correlation was 
found for Nocturnal+T of irrigated sampling followed by non-irrigated samplings. No 
significant correlation was observed for T0 in 2011. The signs of the correlation of Ψmd 
were negative in 2011 and 2012, whilst no relationships were found with predawn leaf 
water potential (Ψpd) in either year (Table 5.1). 
5.4.3 Stem radius increase in 2011 and 2012 
During both experiments, the stem radius increase in irrigated saplings ranged from 0.47 
to 0.65 mm on average (Fig. 5.4). In 2011 and 2012, stem radius of irrigated saplings 
progressively increased from the end of April to May with a plateau detected in June, 
and stem growth then expanded continuously until October (Fig. 5.4). However, the 
thermal treatments led to different results between years. During 2011, small differences 
in stem radius increase were observed from mid-July among thermal conditions with 
higher values observed under warming conditions (0.60-0.74 mm) compared with T0 
(0.39 mm). During the water deficit, non-irrigated saplings were partially damaged, and 
one non-irrigated sapling in T0 and one in Diurnal+T were seriously damaged with 
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complete needle wilting and stem necrosis on DOY 207 and DOY 234, respectively, 
and this could explain the erratic trend of stem variation in 2011 for non-irrigated 
saplings in T0. During 2012, the stem radius increase in irrigated saplings was lower in 
Diurnal+T compared with T0. Similar stem radius increase was measured in 
Nocturnal+T and T0 with values of around 0.9 mm. 
In non-irrigated saplings, a pronounced decrease was observed in the long-term drought 
(2011), from mid-June until the end of the watering suspension, with values of about 
0.21 mm (Fig. 5.4). On DOY 190, one week after rehydration, the stem radius 
increment of non-irrigated saplings was only partially restored and progressively 
increased until the end of the experiment (on average 0.3 in non-irrigated saplings 
versus 0.8 mm in irrigated ones) (Fig. 5.4). 
After three water deficit cycles, the decrease in stem radius of non-irrigated saplings 
(2012) was slighter than that recorded in response to prolonged water deficit (2011). 
During the second and third drought cycle, differences in stem radius increase were 
observed between irrigation regimes and higher values of stem radius were measured in 
T0 (about 0.40 mm), while in Nocturnal+T and Diurnal+T, lower values of stem radius 
increase were measured with values of 0.32 and 0.28 mm, respectively (Fig. 5.4). 
5.4.4 Circadian stem cycle: duration and amplitude 
Throughout the 2011 experiment, the warmer conditions induced significant differences 
in the duration of the phases of contraction and expansion (Fig. 5.5, Table 5.2). The 
duration of contraction in irrigated saplings displayed similar values during the 
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experiment, while duration of contraction in non-irrigated saplings increased (from 7 to 
13 hours) in response to water deficit. Before and after water deficit, the duration of 
contraction was similar between irrigation regimes (pre-water deficit, Fig. 5.5). On the 
contrary, during the water deficit, an increase in stem cycle contraction was measured 
with significant differences between irrigation regimes (P<0.001) (Table 5.2) with the 
highest increase in Diurnal+T in non-irrigated saplings, but under Nocturnal+T changes 
in irrigated saplings were not significant. The duration of expansion commonly ranged 
between 6 and 13 hours. Before water deficit, significant differences were observed in 
duration of expansion between irrigation regimes and both warmer regimes (Table 5.2). 
Then during water deficit the longer durations of expansion were observed in 
Diurnal+T, ranging from 10 to 13 hours, respectively (P<0.001). After rehydration the 
durations of expansion also showed significant differences between irrigation regimes 
and between warmer conditions (P < 0.001). 
In 2012, thermal conditions induced significant differences in duration of contraction at 
the beginning of the experiment and after the third recovery, while the duration of 
expansion showed significant differences among thermal conditions in all three drought 
cycles (Table 5.2). No statistical differences were observed in the first cycle of drought 
between irrigation regimes at all thermal conditions. During the second drought cycle, 
the temperature did not influence the duration of contraction, but irrigation regimes had 
sporadic effects. Duration of expansion in saplings at Nocturnal+T increased during the 
second drought cycle with 11 hours and then decreased to about 8 hours during the 
third, while in Diurnal+T the duration of expansion was reduced to about 6 hours in the 
third water deficit (Fig. 5.5). Only in the third drought cycle and during the third 
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rehydration, durations of contraction and expansion showed significant differences 
between irrigation regimes and thermal conditions (Table 5.2). In the third irrigation 
period, the duration of expansion in irrigated saplings was longer in Nocturnal+T, 
around 9 hours, while the shorter duration of expansion was measured in non-irrigated 
saplings at T0, with 7 hours (Fig. 5.5). Thus, during the third cycle of drought and its 
respective rehydration, there was a decrease in duration of the contraction and 
expansion cycle due to faster contraction and expansion phases at warmer temperatures 
than T0. 
During the water deficit (2011), significant differences were found in the amplitude of 
contraction and expansion at the different thermal conditions (Fig. 5.6, Table 5.3). 
Before the water deficit, the amplitude of contraction and expansion was similar 
between irrigation regimes. The amplitude of contraction of non-irrigated saplings 
increased during water deficit at T0 and Nocturnal+T, and then returned to similar 
initial values. The highest amplitude of contraction was measured during water deficit at 
T0 and Nocturnal+T (0.06 and 0.04, respectively). During the rehydration period, the 
values of amplitude of contraction were 0.02 mm in irrigated versus 0.03 mm in non-
irrigated and significant differences in the contraction amplitude were observed between 
irrigation regimes (P<0.05) (Fig. 5.6, Table 5.3). 
In 2012, no statistical differences in amplitude of contraction and expansion were 
observed in the first cycle of drought and rehydration between irrigation regimes and 
thermal conditions. The highest amplitudes of contraction and expansion were observed 
in Diurnal+T during the second drought cycle (0.06 and 0.07 mm, respectively) (Fig. 
5.6). There were significant differences in amplitude of contraction and expansion 
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among thermal conditions during the second recovery period (P<0.001 and P<0.05, 
respectively) (Table 5.3). During the second irrigation, values of contraction amplitude 
were 0.02 versus 0.03 mm in warmer conditions, respectively. Lower values of 
amplitude of expansion were observed in Nocturnal+T with about 0.02 mm, compared 
with 0.03 mm in T0 and 0.04 mm in Diurnal+T, during the second recovery period. 
Significant differences of amplitude of contraction and expansion were observed in the 
interaction between irrigation regimes and thermal conditions only in the third cycle of 




This study evidenced that stem radius variations were not influenced just by soil water 
availability, but that temperature was an important driver of the stem size oscillation. 
The concomitant imposition of warming combined with prolonged water deficit caused 
significant differences in stem radius variation in 2011. In 2012, the circadian stem 
cycle of saplings subjected to recurrent droughts responded mainly to the warming. 
Water deficit had significant effect on duration of contraction in the first and second 
periods because of their shorter duration of their cycles. However no significant effect 
of water deficit was observed on amplitude of cycles in 2012. During water deficit, an 
increase in amplitude of stem contraction is known to be an indicator of water stress 
intensity in the plant (Deslauriers et al., 2007, Giovannelli et al., 2007). This was not 
completely observed during our experiments and the differences in the effects of water 
deficit between 2011 and 2012 could be explained by the ability of black spruce to 
regulate water lost by transpiration and to reduce fluctuations in compartments water 
potential (Meinzer et al., 2008). Indeed, when leaf water potential of black spruce 
saplings dropped below -2.70 MPa for 20-30 consecutive dry days in 2011, plants were 
in severe water deficit, as observed in previous studies (Balducci et al., 2013, Stewart 
and Bernier, 1995); this threshold was not observed in 2012. During the recurrent cycles 
of water deficit (2012), the changes in temperature and water soil availability provoked 
a carry-over effect on the plant water balance that could be detected by evaluation of the 
duration and amplitude of the stem cycle.  
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In 2011, during recovery until the autumn, the amplitude of stem contraction showed a 
marked decrease under Nocturnal+T, while in 2012 this decrease was observed in 
Diurnal+T, suggesting that stem shrinkage could be influenced by warmer temperature 
according the intensity of drought. The first hypothesis was refuted for both 2011 and 
2012 experiments, as the influence of diurnal temperature was more important on 
duration than amplitude. Past studies recorded the influence of temperature on soil 
water uptake during winter and autumn (Sevanto et al., 2006), which occurred mainly 
during the night (Zweifel and Hasler, 2001, Zweifel et al., 2000). The second hypothesis 
was accepted for the 2011experiment, but refuted for the 2012experiment, as the 
influence of temperature was more important on duration than amplitude. Dendrometers 
gave extra information on the changes in stem size to different effects of driving factors, 
mainly air temperature, as separated effect of nocturnal and diurnal warming, according 
the duration and intensity of drought. 
During prolonged water deficit (2011), the stem contraction lasted longer under higher 
diurnal temperatures compared with the other thermal conditions. An incomplete 
refilling during the night could explain this result. The stem expansion in Diurnal+T 
was shorter during the night and in the early morning, leading to a longer duration of 
stem contraction. In 2011, circadian cycles did not have the same duration in response 
to different thermal regimes, evidencing that the proportion between shrinkage and 
expansion could represent a compensation to balance incomplete water refilling in 
warming conditions. During hot and dry days, stem contraction occurred when water 
lost by transpiration was not fully compensated by root absorption. Thus, the soil water 
uptake was probably insufficient to recharge stem water storage tissues', indicating that 
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the fraction of stem water storage lost during the day was not completely refilled at 
night (Devine and Harrington, 2011, Kavanagh et al., 2007). Evaporative demand, 
transpiration and soil water content has been demonstrated to affect phloem water status 
and consequently stem radius variations (Cuevas et al., 2010, Ortuño et al., 2010).  
During the recurrent water deficits (2012), we observed a carry-over effect (i.e. delayed 
and amplified effect) of successive water deficits on duration and a sporadic effect on 
amplitude of the phases of the diurnal stem cycle. The duration of the contraction 
increased only in the second drought cycle indicating that water content and turgor 
pressure were maintained over a short water deficit period, as observed in Giovannelli et 
al. (2007). During water deficit, lower values of Ψmd were observed in non-irrigated 
saplings, with values reaching –2.1 MPa in T0, –1.95 MPa, and –2.38 MPa in 
Diurnal+T and Nocturnal+T, respectively. Black spruce is a typical isohydric species, 
which under water stress prevents dehydration with early stomatal closure (Domec and 
Johnson, 2012) and osmotic adjustments (Deslauriers et al., 2014). In this study, midday 
water potential was negatively correlated with temperature (i.e. Ψmd decreases with 
increasing temperature) with increasing correlation in warmer conditions, especially 
those occurring during the night. The midday leaf water potential depends on soil water 
uptake and is maintained by stomatal control of the transpiration (Domec and Johnson, 
2012). Significant relationships existed between night-time water uptake and midday 
water potential measured the previous day (Zeppel et al., 2010). On the contrary, no 
significant correlations were found between temperature and pre-dawn water potential 
meaning that the equilibrium between leaf and soil water potential did not necessarily 
take place at the end of the night (Bucci et al., 2004, Bucci et al., 2005, Donovan et al., 
203 
 
2001, Donovan et al., 1999), but the contribution of rehydration is at the beginning and 
during the night. For this reason, black spruce saplings could be able to resist a short 
period (two weeks) of water stress. However, the durations of stem contraction and 
expansion were affected at the third drought period, indicating a carry-over effect on the 
duration of the stem cycle phases. As for the one water deficit in 2011, the longer stem 
shrinkage observed at the third cycle of dehydration can be explained by incomplete 
refilling at night. 
In 2012, Diurnal+T warming had a sporadic and delayed effect of on the amplitude of 
stem contraction and expansion at the second drought cycle. This contrasts with the 
prolonged drought in 2011 and another study when the amplitude of contraction was 
also influenced by higher temperature: in July, a rise of 10 °C in temperature rise 
increased the contraction amplitude in spruce and larch (King et al., 2013). Warmer 
temperatures in daytime can deplete stored water in the stem faster and warming could 
have an indirect effect mediated by pressure turgor on the stem radial variation. Stem 
diameter shrinkage changed with the internal water status, which was influenced by 
three different compartments and by other sink organs of the plant (needles and roots). 
The results obtained in this study help to support that prolonged drought and warming 
have a marked influence on stem radial variations, whereas stem water loss in 
concomitance to recurrent and short droughts and diurnal warming leads to a temporary 





Our results confirmed that stem variation reflects the influence of both water availability 
and temperature. Temperature is an important driver of stem size variation, directly by 
increasing diurnal water loss and indirectly by decreasing soil water content via 
evapotranspiration. The stem water balance during the day, represented by the midday 
water potential, was linked with the daytime air temperature. How the water availability 
changes seasonally – from short recurrent to one prolonged water deficit – differently 
influence the patterns of stem radial variations. A prolonged water deficit caused a 
greater effect on stem contraction than recurrent droughts, confirming the importance of 
water regulation in the long term in a drought prone environment. The presence of a 
weak and carry-over effect at the end of the recurrent drought cycles on duration and 
amplitude of the stem cycle could influence the climatic signal strength in evergreen 
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Table 5.1 Spearman correlation coefficients between leaf water potential (pre-dawn Ψpd 
and midday Ψmd, MPa) and temperature (°C) during the greenhouse experiment in 2011 
and 2012. Thermal conditions are presented as control T0; temperature increase during 
the day, Diurnal+T; temperature increase during the night Nocturnal+T. Significant 
correlations (P≤0.05) are in bold. 
 
 
      Year  2011       
    Irrigated       
Non-
irrigated   
 
T0 Diurnal+T Nocturnal+T 
 
T0 Diurnal+T Nocturnal+T 
Ψpd 0.33 0.19 -0.14 
 
0.24 -0.27 -0.10 
Ψmd -0.32 -0.51 -0.65 
 
-0.30 -0.58 -0.58 
        Year 2012       
    Irrigated       
Non-
irrigated   
 
T0 Diurnal+T Nocturnal+T 
 
T0 Diurnal+T Nocturnal+T 
Ψpd 0.17 0.22 0.04 
 
0.23 0.06 0.00 
Ψmd -0.37 -0.22 -0.59   -0.40 -0.54 -0.55 
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Table 5.2 Logistic regression analysis for duration of stem radius contraction and 
expansion in black spruce saplings calculated between irrigation regimes (Water), 
among thermal conditions (Temp) and interaction between irrigation regimes and 
thermal conditions (Water × Temp) during the greenhouse experiments in 2011 and 
2012. Significant effects (P≤0.05) are in bold. 
Year 2011   Water Temp Water × Temp 
DF 1 2 2 
Pre water deficit 
   contraction 
 
0.0163 <.0001 0.0006 
expansion 
 
<.0001 <.0001 0.0497 
Water 
deficit 
    contraction 
 
<.0001 <.0001 0.6114 
expansion 
 
0.0107 0.0002 0.0034 
Post water deficit 
   contraction 
 
0.2063 <.0001 <.0001 
expansion   <.0001 <.0001 <.0001 
Year 2012         
DF 1 2 2 
Pre water deficit 
   contraction 
 
0.7577 <.0001 0.109 
expansion 
 
0.0535 0.0263 0.2326 
1 cycle water deficit 
   contraction 
 
0.0775 0.273 0.3698 
expansion 
 
0.5475 0.0123 0.5561 
1 Irrigation period 
   contraction 
 
0.3119 0.9146 0.9513 
expansion 
 
0.293 0.473 0.0742 
2 cycle water deficit 
   contraction 
 
<.0001 0.0503 0.2177 
expansion 
 
0.6619 0.0005 0.252 
2 Irrigation period 
   contraction 
 
0.1094 0.0595 0.7037 
expansion 
 
0.069 0.4611 0.0054 
3 cycle water deficit 
   contraction 
 
0.0511 0.0002 0.6705 
expansion 
 
0.0086 0.0027 <.0001 
3 Irrigation period 
   contraction 
 
0.273 <.0001 <.0001 




Table 5.3 Logistic regression analysis for amplitude of contraction and expansion in 
black spruce saplings calculated between irrigation regimes (Water), among thermal 
conditions (Temp) and interaction between irrigation regimes and thermal conditions 
(Water × Temp) during the greenhouse experiments in 2011 and 2012. Significant 
effects (P≤0.05) are in bold. 
Year 2011   Water Temp Water × Temp 
DF 1 2 2 
Pre water deficit 
   contraction 
 
0.1175 0.6079 0.0403 
expansion 
 
0.1744 0.8612 0.0965 
Water 
deficit 
    contraction 
 
0.4302 0.0261 0.0312 
expansion 
 
0.9100 0.1044 0.0372 
Post water deficit 
   contraction 
 
0.0341 0.8721 0.1096 
expansion   0.3239 0.7185 0.1984 
Year 2012         
DF 1 2 2 
Pre water deficit 
   contraction 
 
0.2188 0.1279 0.1884 
expansion 
 
0.3324 0.1888 0.1115 
1 cycle water deficit 
 
  contraction 
 
0.9188 0.1237 0.2178 
expansion 
 
0.7645 0.0585 0.1795 
1 Irrigation period 
   contraction 
 
0.7487 0.8363 0.0990 
expansion 
 
0.6793 0.8995 0.1833 
2 cycle water deficit 
   contraction 
 
0.1648 0.4352 0.3658 
expansion 
 
0.4721 0.3707 0.2385 
2 Irrigation period 
   contraction 
 
0.3626 0.0066 0.0895 
expansion 
 
0.5046 0.0229 0.2829 
3 cycle water deficit 
   contraction 
 
0.1791 0.0529 0.0317 
expansion 
 
0.6861 0.0765 0.0212 
3 Irrigation period 
   contraction 
 
0.2822 0.0738 0.0145 





Figure 5.1 Dendrometer (showed from different angles) installed on the surface of the 





Figure 5.2  
Mean temperatures experienced by black spruce saplings in the three thermal conditions 
(T0, control temperature (green curve); Diurnal+T, temperature increase during the day 
(red curve); Nocturnal+T, temperature increase during the night (blue curve) during the 





Figure 5.3  
Volumetric water content (VWC) of soil in irrigated (black circles) and non-irrigated 
saplings (white circles) before, during and after the water deficit period (grey 
background) at three thermal conditions (T0, control temperature; Diurnal+T, 
temperature increase during the day; Nocturnal+T, temperature increase during the 







Figure 5.4 Time series of radius variation for black spruce saplings between April and 
October 2011 and 2012. Black and dark grey curves represent irrigation regimes, 
before, during and after the water deficit period (grey background) at three thermal 
conditions (T0, control temperature; Diurnal+T, temperature increase during the day; 





Figure 5.5 Mean duration of contraction (± SD) in stem of black spruce saplings before, 
during and after the water deficit period (dotted grey background) at three thermal 
conditions (T0, control temperature; Diurnal+T , temperature increase during the day; 
Nocturnal+T, temperature increase during the night) during the greenhouse experiments 
in 2011 and 2012. Differences between irrigation regimes (black and grey bars) and 






Figure 5.6 Mean amplitude of contraction and expansion (± SD) in stem of black 
spruce saplings in 3 cycles of water deficit period (dotted grey background) and 
rehydration at three thermal conditions (T0, control temperature; Diurnal+T, 
temperature increase during the day; Nocturnal+T, temperature increase during the 
night) during the greenhouse experiments in 2011 and 2012. Differences between 
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Le but de cette thèse était de comprendre de quelle manière l’activité cambiale et la 
formation du cerne de croissance des jeunes arbres d’épinettes noires [Picea mariana 
(Mill.) B.S.P.] pourraient varier dans le futur sous l'influence des changements 
climatiques. L’analyse de la croissance intra-annuelle et les manipulations des 
conditions environnementales des jeunes plants d’épinettes noires n’avaient jamais été 
abordées auparavant. Cette thèse présente une étude détaillée sur l’activité cambiale et 
la xylogénèse à l’aide de mesures directes de la croissance radiale et à l'aide de 
dendromètres électroniques, ainsi que des mesures de l’état hydrique et des échanges 
gazeux. Cette thèse aborde aussi les liens existants entre la croissance radiale, les sucres 
solubles totaux, les réserves d'amidon et la survie des plants. La densité et l’anatomie du 
bois ont été étudiées. Les techniques utilisées ont permis d’approfondir les 
connaissances sur la réponse des jeunes arbres pendant la saison de croissance et les 
relations avec les conditions environnementales. 
6.1 ÉVALUATION DE LA DYNAMIQUE INTRA-ANNUELLE DE LA 
FORMATION DU CERNE DE CROISSANCE 
L’activité cambiale et la xylogénèse ont été étudiées aux chapitres II, III et IV. 
L’activité cambiale et la formation du bois sont des processus biologiques très 
représentatifs et sensibles au déficit hydrique et à l’augmentation de la température. 
Dans les chapitres II et III, nous avons associé l’écophysiologie à la phénologie de la 
xylogénèse. D’un côté, l’écophysiologie a montré que les plants d’épinettes noires 
réagissent à la sécheresse selon des seuils spécifiques dans le temps. Les résultats 
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obtenus ont permis de définir des seuils de déficit hydrique « modéré » (rejoint à un 
potentiel hydrique de -1.4 MPa) et « sévère » (rejoint à un potentiel hydrique de -2.9 
MPa), ces résultats sont en accord avec plusieurs études sur l’épinette noire (Blake, 
Bevilacqua et Zwiazek 1991; Zine El Abidine et al. 1994; Major et Johnsen 1999). Sous 
un déficit hydrique sévère, les plants non-irrigués ont été incapables de maintenir 
l'assimilation du CO2 et la conductance stomatique, qui ont été fortement réduites 
(<80% par rapport aux plants irrigués). Ces conditions suggèrent que l'efficacité de la 
translocation de l'eau a été fortement compromise, probablement par des cavitations 
irréversibles dans le xylème. De plus, nous avons montré qu’il existe une similitude 
dans le développement et la récupération du stress foliaire des plants non-irrigués à 
température plus élevée. Cela indique que le réchauffement seul ne peut pas 
complètement aggraver l’état hydrique des aiguilles, si les plants n'atteignent pas des 
seuils critiques de potentiel hydrique. Le potentiel hydrique de pré aube et de mi-
journée arrivaient à des valeurs proches de -3 MPa avec l'augmentation des embolies 
dans le xylème. De plus, que la reprise des échanges gazeux n'a jamais atteint les 
niveaux de pré-déficit hydrique, suggérant une perte de conductivité hydraulique du 
xylème associée à la cavitation (Chapitre III). Pour cette espèce, nous avons trouvé que 
le point d'entrée d'air dans le xylème (P12) était en moyenne -3 MPa, tandis que la 
pression subie par le xylème induisant le 50% de perte de conductivité hydraulique (P50) 
était de -4.2 MPa. La conductance stomatique et l’assimilation du CO2 récupèrent 
rapidement lorsque le rétablissement des conditions physiologiques optimales est 
complété (Stewart, Zine El Abidine et Bernier 1994; Bernier et al. 2001). La 
récupération de l’état hydrique et de la conductance surviennent en premier et sont 
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suivies par l’assimilation du CO2, qui a une reprise partielle de l’ordre de 40-60% 
(Bogeat-Triboulot et al. 2007). 
D’un autre côté, nous avons associé la xylogénèse des plants soumis au déficit hydrique 
à différents seuils de déficit. Dans le stade du déficit hydrique qualifié de « modéré », 
l’élargissement des cellules est d’abord inhibé, la progression du déficit hydrique affecte 
la division cellulaire, tel qu’observé par plusieurs études (Abe et al. 2003; Jyske et al. 
2010; de Luis et al. 2011). Nos résultats ont montré que l’activité cambiale et la 
différenciation cellulaire ont subi un ralentissement graduel à la fin du déficit hydrique 
qualifié de « sévère » et pendant plusieurs semaines après la reprise de l’irrigation. Par 
contre, l'augmentation de la température influençait grandement la période de 
récupération des plants soumis au déficit hydrique. Le développement cellulaire a été 
ralenti dans le temps avec une augmentation des températures, déterminant différentes 
sensibilités du cambium et des phases du développement cellulaire. Cette réponse 
concorde avec celle d'autres études dont l'application localisée de la température sur la 
tige peut provoquer des altérations de l'activité cambiale (Oribe et al. 2001; Gričar et al. 
2007; Begum et al. 2013). Cela signifie que l'effet du déficit hydrique sur les plants peut 
être maintenu plus longtemps sous des températures plus élevées. Ces résultats sont en 
accord avec ceux de Arend et Fromm (2007) qui ont observé une réduction de la 
croissance radiale, spécialement de l’élargissement cellulaire, de l’épaississement et la 
formation de la paroi suite à une sécheresse, ainsi qu’une augmentation de la mortalité. 
Les résultats suggèrent que les mesures intra-annuelles du chapitre II, bien que précises, 
se limitent souvent à des variables statiques, telles que le nombre de cellules. Par contre, 
cela peut s’avérer insuffisant afin de décrire correctement les processus dynamiques 
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sous-jacents qui se produisent pendant la croissance secondaire. Dans la littérature, la 
plupart des études se concentrent sur la phénologie de la formation du bois, en 
caractérisant les différences dans le début, la fin et la durée de la forêt boréale et 
tempérée (Lupi et al. 2010; Moser et al. 2010; Rossi et al. 2011; Rossi, Girard et Morin 
2014). Dans les environnements froids, ces différences se reflètent par une influence de 
la température sur la phénologie du développement cellulaire (Rossi et al. 2011; Lupi 
2012). Beaucoup moins d'études se penchent sur la cinétique (Cuny et al. 2013; Cuny et 
al. 2014). En effet, les nouvelles cellules du xylème se différencient selon une cinétique 
particulière – caractérisée par une vitesse et une durée spécifique – entraînant des 
changements dans l'anatomie du bois le long du cerne de croissance (Cuny et al. 2014). 
En analysant les résultats aux chapitres II et IV, nous avons mis en évidence les liens 
dynamiques existants entre les taux et la durée de la production du bois, qui atténuent 
les impacts des stress environnementaux sur la structure du cerne de croissance. 
Nos résultats concordent avec les recherches qui ont étudié les effets de la disponibilité 
en eau sur la croissance intra-annuelle des jeunes arbres dans les environnements 
méditerranéens et tempérés (Rossi et al. 2009; de Luis et al. 2011). L'arrêt de l'activité 
cambiale est plus précoce lorsque la sécheresse est plus importante (Gruber et al. 2010; 
Eilmann et al. 2011) et affecte la production du bois menant à la formation de cernes de 
croissance plus étroits (Giovannelli et al. 2007; Čufar et al. 2008). Les résultats 
présentés au chapitre IV représentent un avancement important et unique par rapport au 
chapitre II et aux dernières recherches, car l’intégration de la cinétique a permis de 
calculer la vitesse et la durée de la croissance du xylème. Cet avancement a permis de 
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comprendre comment la cinétique de la formation du bois fonctionne sous contraintes 
hydriques et thermiques. 
L'augmentation des températures a accéléré la vitesse de production des cellules (plants 
irrigués vs. non-irrigués) selon une évolution bimodale suite à la sécheresse où la vitesse 
était doublée dans les nuits chaudes. Les données de la littérature relatives aux taux de 
production cellulaire dans les environnements froids suggèrent que pour l'épinette de 
Norvège (Picea abies) le taux de production cellulaire était de 0.5 à 1 cellule jour
-1
 
(Mäkinen, Nöjd et Saranpää 2003), ce qui est similaire aux taux trouvés en forêt boréale 
(Deslauriers et Morin 2005).
 
Pour des arbres matures d'épinettes noires, Rossi, Girard et 
Morin (2014) ont trouvé une plus grande variabilité des taux dus au site (de 0.2 à 1.1 
cellules jour
-1
). Bien que ces valeurs semblent très similaires à celles que nous avons 
obtenues, nous avons démontré que l'application d'une combinaison de contraintes 
abiotiques influençait fortement la vitesse de production cellulaire dans un moment 
précis de la saison de croissance. 
Les trachéides effectuent leur différenciation en débutant avec l'élargissement radial et, 
ensuite, avec la formation de la paroi secondaire. Nous avons calculé que la phase 
d'élargissement chez des plants non-irrigués durait en moyenne 21% de plus que chez 
plants irrigués. Par contre, le taux d'élargissement a diminué de 28%, compensant pour 
l’augmentation de la durée. Par exemple, sur les arbres matures, Rossi et al. (2006) ont 
montré que la durée de l'élargissement peut varier d'une à quatre semaines chez diverses 
espèces de conifères dans les Alpes, tandis que Deslauriers, Morin et Bégin (2003) ont 
calculé une durée d'élargissement d'une semaine chez le sapin. Dans la présente étude, 
des durées différentes selon le régime d'irrigation ont été calculées : les plants irrigués 
226 
 
présentaient très peu de changements au cours de la saison de croissance avec des 
valeurs variant de 8-9 jours, tandis que la durée d’élargissement des plants non-irrigués 
augmentait de trois fois (de 5-18 jours de plus). La production chez les plants non-
irrigués a chuté de 28% pour balancer cette plus longue durée d'élargissement. 
En ce qui concerne la vitesse du dépôt de la paroi cellulaire, elle était inférieure de 8% 
chez les plants non-irrigués par rapport aux irrigués (16,2 vs 17,7 μm² jour-1, 
respectivement). À des températures plus élevées, les plants non-irrigués ont montré des 
vitesses de déposition de la paroi plus rapides de jour et de nuit (de 14% et 28% de plus 
respectivement par rapport au contrôle). Le même mécanisme de compensation était 
aussi observable pour la durée de formation de la paroi, de sorte que les plants non-
irrigués nécessitaient de 10 à 20-28 jours de plus pour former la paroi secondaire. 
Dans cette thèse, nous avons associé les deux composantes de la cinétique (durée et 
vitesse) à des mécanismes de régulation. D'un côté, la pression de turgescence et la 
disponibilité en carbone pourraient expliquer la compensation entre la durée et la vitesse 
des processus de xylogénèse (Proseus, Zhu et Boyer 2000). Le maintien de la 
turgescence est nécessaire dans tous les processus de croissance, de la division cellulaire 
au dépôt des polysaccharides formant la paroi cellulaire (Proseus, Zhu et Boyer 2000). 
Les glucides représentent la ressource principale pour la division cellulaire et le dépôt 
de la paroi (Ainsworth et Bush 2011). La réduction de la photosynthèse durant un 
déficit hydrique implique une diminution de l'allocation en carbone pour la croissance 
provoquant donc des mécanismes de compensation qui se manifestent par une 
augmentation de la durée, assurant ainsi un taux de déposition approprié pour la 
construction de parois cellulaires optimales. 
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6.2 ÉVALUATION DES CARACTÉRISTIQUES DU XYLÈME 
Les chapitres II, III et IV, montrent que l’anatomie du bois des plants d’épinettes noires 
est généralement résistante à la sécheresse et au réchauffement. L’anatomie du bois est 
formée en réponse aux conditions environnementales de la saison (Vaganov, Hughes et 
Shashkin 2006) et la contribution des sous-processus associés à la xylogénèse est 
fondamentale pour la définition de la structure du cerne (Cuny et al. 2014). Cette thèse a 
démontré que par une forte compensation entre les taux et les durées des sous-processus 
de différenciation cellulaire, les effets de la sécheresse et du réchauffement sont 
atténués sur la structure des cernes. Dans l’ensemble de ces résultats, les dimensions des 
cellules n’ont pas été influencées par les différents traitements imposés. Cependant, 
l’épaisseur de la paroi est l’unique caractéristique anatomique à se modifier 
partiellement suite aux conditions de stress. Dans ce cas, la variabilité de l’épaisseur de 
la paroi est en grande partie attribuée à la durée de l’élargissement (67%) et dans une 
moindre partie, attribuable à la déposition de la paroi (33%) (Cuny et al. 2014), cela 
signifie que le mécanisme de compensation entre la durée et le taux se fait 
principalement pendant l’élargissement et moins pendant la phase de déposition de la 
paroi. Les glucides non-structuraux représentent la ressource principale contribuant au 
dépôt de la paroi (Giovannelli et al. 2011; Pantin et al. 2013; Deslauriers et al. 2014) et 
lorsqu’ils sont partiellement épuisés ou non disponibles, comme nous l'avons montré 
dans le chapitre III, cela peut influencer l’épaisseur de la paroi cellulaire. Ce résultat 
montre l’influence majeure des glucides sur la déposition de la paroi et confirme leur 
rôle central dans la modulation de la xylogénèse. 
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Plusieurs considèrent la densité du bois comme le portrait final de l'investissement en 
carbone au cours de la formation du bois (le carbone soluble est converti en carbone 
structural) (Rathgeber, Decoux et Leban 2006). En effet, la densité du bois dépend des 
dimensions des cellules et de la quantité de carbone (la cellulose, les hémicelluloses et 
la lignine) pour la formation de la paroi cellulaire secondaire (Gindl, Grabner et 
Wimmer 2000; Emiliani et al. 2011). On considère même qu'il y a des relations entre les 
dimensions des trachéides et la densité du bois. Ces relations sont établies par la 
proportion finale entre la paroi cellulaire et le lumen cellulaire (Chave et al. 2006; 
Rathgeber, Decoux et Leban 2006). On peut donc affirmer que les variations de la 
densité du bois sont reflétées dans l'architecture hydraulique des plants. En effet, au 
niveau anatomique, des auteurs considèrent que la présence du bois final, qui est 
caractérisé par des petites cellules avec des parois plus épaisses, détermine une densité 
du bois plus élevée (Larson 1964; Begum et al. 2012). Cependant, quelques auteurs 
avaient déjà trouvé que la proportion du bois final n'est pas complètement responsable 
de l'augmentation de la densité du bois (Mäkinen, Saranpää et Linder 2002). Des études 
ont également montré que la densité du bois des conifères peut être strictement corrélée 
aux conditions environnementales (Chave et al. 2006), en particulier, à la température 
(Gindl, Grabner et Wimmer 2000; Grabner et al. 2006). En ce sens, les résultats des 
chapitres II et III ont montré que la température influence la densité du bois. Même si 
dans le chapitre II aucune différence significative n’était mise en évidence entre les 
régimes hydriques et les conditions thermiques, on observait un effet sporadique de la 
température et une réduction importante de la densité du bois à haute température. Au 
chapitre III, les résultats ont démontré que la densité du bois a été affectée par le déficit 
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hydrique et par l'augmentation de la température pendant la nuit, influençant les profils 
de densité du bois des plants irrigués et non-irrigués. L'effet positif de l'augmentation de 
la température se manifeste par une augmentation de la largeur du bois initial en réponse 
au réchauffement pendant le jour, tandis qu'une augmentation de la largeur du bois final 
est observée sous réchauffement pendant la nuit. Cet effet de la température est présent 
dans la plupart des études en dendrochronologie où on retrouve une forte corrélation de 
la température estivale avec l'augmentation de la densité du bois maximale (Wang, 
Payette et Bégin 2002; Esper et al. 2008; Esper et al. 2012). Toutefois, Cuny et al. 
(2014) affirment que la contribution relative des changements de la superficie de la 
section de la paroi sur la variation de la densité du bois est de 25%, comparativement à 
75% pour la taille des cellules. Ceci dit, les résultats de la présente étude suggèrent que 
la réduction de la densité du bois chez les plants non-irrigués est causée seulement en 
partie par un changement dans la répartition du carbone, qui est alloué en priorité à la 
respiration cellulaire au lieu de la formation des parois (Amthor 2000; Duan et al. 2013) 
lors d’une augmentation de la température. Ces résultats concordent avec ceux de 
Pamerleau-Couture (2011) chez les arbres matures d'épinettes noires où une diminution 
de la densité du bois est attribuée à une diminution de l'épaisseur des parois. Si la taille 
des cellules est majoritairement responsable de la densité du bois (Cuny et al. 2014), la 
récurrence des contraintes hydriques amène une plus faible densité du bois. Une 
réduction de la densité du bois est donc un bon indicateur d'une stratégie d’adaptation 
du xylème afin d’éviter une défaillance hydraulique (cavitation) suite à un déficit 
hydrique sévère (Rosner et al. 2014; Ruiz Diaz Britez et al. 2014). 
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6.3 IMPLICATIONS SUR LA SURVIE DE JEUNES ARBRES D'ÉPINETTES 
NOIRES 
Cette étude (Chapitres II et III) a aussi mis en évidence qu’au cours de la formation du 
bois, l'effet combiné de l'augmentation des températures avec un déficit hydrique ne 
limitait pas seulement l'activité cambiale, mais aussi la survie des plants. 
L'augmentation de la température de +2 à +5 °C entraînait un taux de mortalité de 5 à 
12%, respectivement. Lors d'une augmentation de la température de +6 °C pendant la 
nuit et le jour, les taux atteignaient des valeurs de 10 et 20% par rapport au contrôle 
(mortalité de 0.8%). Toutefois, ces taux de mortalité ne peuvent pas représenter la 
mortalité réelle observée en raison du prélèvement destructif effectué parmi les jeunes 
arbres afin de suivre la xylogénèse. Les résultats obtenus peuvent constituer une sous-
estimation de la mortalité face aux conditions environnementales modifiées. Dans les 
écosystèmes méditerranéens, les conditions de sécheresse au printemps et pendant l'été 
sont fortement liées à la survie (de Luis et al. 2011). De plus, des observations sur des 
jeunes plantations en milieu boréal témoignent de l'effet du déficit hydrique sur la 
croissance racinaire (Burdett, Herring et Thompson 1984; Bernier 1993), car les plants 
peuvent être plus vulnérables à la sécheresse en raison de leur capacité réduite 
d'absorption des ressources minérales et nutritives. Lors de l'enlèvement du couvert 
végétal après une coupe, la survie de régénération préétablie d'épinettes noires est 
diminuée chez les petites tiges (hauteur ≤ 30 cm) et les tiges opprimées (hauteur <1 m) 
(Ruel 1989; Ruel, Doucet et Boily 1991). Dans le cas des petites tiges, la mortalité est 
autour de 19,7%. Pour celles de mauvaise qualité, suite aux blessures d'exploitation par 
231 
 
exemple, la mortalité atteindrait 50% (Ruel, Doucet et Boily 1991). Si l'établissement de 
la régénération en nombre élevé représente une condition importante pour le 
renouvellement du peuplement, sa protection après coupe ne les met pas à l'abri de la 
sécheresse et du stress thermique (Breshears et al. 2009; Allen et al. 2010). 
6.4 ÉVALUATION DE LA CROISSANCE ET DES RÉSERVES DE 
CARBONE : ENTRE LA DÉFAILLANCE HYDRAULIQUE ET 
L'ÉPUISEMENT DU CARBONE 
Cette thèse a confirmé en partie le rôle actif des réserves de carbone sur l'activité 
cambiale, les mécanismes métaboliques ainsi que la reprise après la sécheresse. Dans le 
chapitre III, aucune différence n'a été montrée dans le contenu en glucides totaux non-
structuraux entre les plants irrigués et non-irrigués, aux différentes températures. La 
variation des glucides était similaire à celle observée chez d'autres conifères (Gruber et 
al. 2012). Par contre, les réserves en amidon dans le xylème, représentant le stockage à 
plus long terme du carbone, étaient significativement plus basses lorsque les plants 
étaient exposés aux températures élevées. Des recherches ont démontré l’importance du 
stockage en carbone dans la réponse physiologique des arbres face aux changements 
climatiques, comme la variation du niveau de CO2 (Arnone III et al. 2000; Hoch et 
Körner 2008), la température (Adams et al. 2009) et la sécheresse (McDowell et al. 
2008; Adams et al. 2013). La gravité de ces divers phénomènes de stress s'exacerbe à 
l'échelle régionale entraînant une augmentation du taux de mortalité de plants (Peng et 
al. 2011) et affectant probablement la balance en carbone. Cette thèse a montré que 
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l'augmentation des températures a ralenti le processus de reconstitution des réserves en 
amidon après le minimum saisonnier, ce qui suggèrerait une différente répartition de 
l'amidon entre le jour et la nuit. Après leur minimum saisonnier, cette baisse des 
réserves d'amidon pourrait être liée au pourcentage plus élevé de mortalité observé à des 
températures diurnes et nocturnes plus élevées et pourrait être responsable du taux de 
mortalité prolongé aux hautes températures nocturnes. Les effets négatifs de la 
sécheresse et de l'augmentation des températures sur l'approvisionnement et le stockage 
de l’amidon, ainsi que leur accessibilité (glucose dérivé de l’hydrolyse de l’amidon) lors 
de la relance de l'irrigation, pourraient ralentir et/ou arrêter la croissance, jusqu'à être 
déterminants pour la survie (Hartmann et al. 2013; Hartmann, McDowell et Trumbore 
2015). 
6.5 L'EFFET COMBINÉ DES STRESS ABIOTIQUES SUR LE PLANT 
ENTIER 
À travers les chapitres II, III, IV et V, nous avons pu confirmer le rôle fondamental du 
déficit hydrique et de l'augmentation de la température pour la xylogénèse et la 
production du bois. Avec le réchauffement climatique, il est possible que la sécheresse 
s’intensifie en forêt boréale avec l’accélération de l'évapotranspiration. L'effet combiné 
des conditions environnementales sur les plants est souvent plus important, car la 
multiplication des conditions de stress peut causer un dysfonctionnement des processus 
physiologiques. D'abord, aux chapitres II et III, l'impact combiné du déficit hydrique et 
des températures élevées a été identifié pour les relations hydriques, l'assimilation du 
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CO2 et la conductance stomatique des aiguilles. Lors d’une sécheresse, l'activité 
cambiale et les phases de la xylogénèse peuvent être inhibées avant la photosynthèse 
(Abe et al. 2003; McDowell 2011). L’état de turgescence des plants agit donc comme 
première contrainte pour certaines phases de développement (Woodruff et Meinzer 
2011) comme la division et l’élargissement. Sous l'effet des températures élevées, le 
réchauffement nocturne augmente la respiration, provoquant un effet important sur le 
métabolisme de la plante (Turnbull, Murthy et Griffin 2002; 2004; Way 2013). De plus, 
les résultats des chapitres II et III ont montré que les jeunes arbres ont une mortalité plus 
élevée, qui est induite par la sécheresse et supérieure lorsque les plants se développent à 
des températures plus élevées, s'expliquant par une réduction de la conductance 
stomatique de la feuille. En effet, dans la période post-sécheresse, la reprise très lente 
des paramètres écophysiologiques (potentiels hydriques et échanges gazeux) peut être 
due à une perte de conductivité hydraulique du xylème associée à la cavitation, comme 
l’ont démontré Brodribb et Cochard (2009). 
Au chapitre II, il a été démontré que la croissance radiale et l'activité du cambium 
étaient très sensibles à un déficit hydrique, mais, après la relance de l'irrigation, les 
plants survivants ont pu reprendre la croissance radiale, montrant une certaine résilience 
aux multi stress abiotiques, soit le déficit hydrique et l'augmentation de la température. 
Au chapitre IV, les sous-processus de la xylogénèse les plus altérés par l'effet des stress 
hydriques et thermiques ont été mis en évidence. De ce fait, cette thèse a clarifié les 
mécanismes de compensation mis en place lors de la combinaison de deux stress 
abiotiques (augmentation de la température et déficit hydrique). 
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Au chapitre V, il a été démontré que les variations radiales de la tige ne sont influencées 
que par la disponibilité en eau dans le sol, définie par l'intensité et la durée du déficit 
hydrique, mais que la température était un moteur important des cycles diurnes de la 
tige. L'imposition concomitante d’un réchauffement et d’une période unique de déficit 
hydrique (2011) a provoqué une augmentation significative de la durée et l’amplitude de 
la contraction. Chez les plants non-irrigués en 2011, la durée de la contraction a presque 
doublé lors du déficit hydrique. Par contre, lorsque les plants étaient soumis à des 
sécheresses de plus courtes durées, mais répétitives (2012), l’effet du stress hydrique sur 
les cycles diurnes était significatif seulement lors de la troisième période de stress : la 
durée de la contraction et de l’expansion étaient plus rapides à des températures plus 
élevées que pour les plants contrôles. En général, l'amplitude de la contraction était plus 
grande, tandis que l'amplitude de l’expansion était plus petite dans le traitement de 
réchauffement nocturne. L'imposition concomitante du réchauffement et d'un déficit 
hydrique unique en 2011 provoque des variations radiales des tissus du tronc qui sont 
liées aux variations irréversibles de la division et l'élargissement cellulaire, déjà 
observées pendant le déficit hydrique dans les chapitres II et IV. En 2012, cependant, 
les sécheresses récurrentes provoquaient un effet de report sur l'équilibre hydrique des 
plants non-irrigués, indiquant que la teneur en eau et la turgescence ont été maintenues 
sur des courtes périodes. Ceci illustre le fait que les jeunes épinettes sont en mesure de 
résister à une première phase de stress hydrique, c'est-à-dire de « stress modéré », tel 
qu’observé au chapitre II. 
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6.6 CONTRIBUTIONS MAJEURES DE LA THÈSE 
Les résultats des chapitres II à V ont permis de connaître la phénologie du cambium, la 
dynamique intra-annuelle du développement du cerne de croissance, les caractéristiques 
du xylème et la survie de jeunes arbres d'épinettes noires, nécessaires à l'interprétation 
des réponses aux scénarios climatiques futurs. Cette thèse a donc clarifié les effets de la 
combinaison de facteur de stress abiotique et leurs contributions individuelles. En 
analysant l'ensemble des quatre chapitres, les contributions majeures de la thèse sont les 
suivantes : 
 Les sécheresses fréquentes et intenses d’environs un mois, associées au 
réchauffement, compromettent la survie des plants. L'effet combiné de l'augmentation 
journalière de la température de l’air avec un déficit hydrique a augmenté la mortalité 
des plants de 5 à 12%. Dans des conditions de réchauffement appliquées pendant le jour 
et la nuit (+6°C), la mortalité des jeunes arbres était plus exacerbée pendant le jour 
(20%), en raison d'une défaillance hydraulique dans le xylème. Par contre, la mortalité 
était plus prolongée dans le temps sous des conditions de réchauffement nocturne, en 
raison de la restauration incomplète des réserves de carbone. 
 Pour les plants survivants, un ralentissement de la croissance et de l'activité 
cambiale pendant le déficit hydrique et un maintien de cet effet lors de la reprise de 
l'état hydrique optimale à température élevée ont été observés. L'impact du déficit 
hydrique sur la formation du bois a une influence à très court terme (arrêt de la division 
cellulaire peu de temps après le début du stress hydrique) alors que l’influence de la 
température semble agir à plus long terme, tout au long de la saison de croissance. 
236 
 
 Les effets combinés de l'augmentation journalière de la température et du déficit 
hydrique n'ont pas démontré d'impact évident sur les caractéristiques du xylème, étant 
fortement conservées ou peu modifiées suite à ces changements environnementaux. 
Toutefois, lors du réchauffement appliqué seulement pendant le jour ou la nuit et 
combiné à un déficit hydrique, l'effet sur l'anatomie et sur la densité du bois a été plus 
important à cause d’une insuffisance en carbone. 
 La cinétique de la formation de bois est déterminante pour l’anatomie et par 
conséquent, de la densité du bois. Cette cinétique est grandement modifiée lors d’un 
réchauffement et d’une sécheresse. La réduction de la vitesse est compensée par une 
augmentation de la durée des sous-processus de la xylogénèse (élargissement et 
formation des parois). Ces mécanismes compensatoires atténuent fortement l'impact de 
la sécheresse et du réchauffement sur l'anatomie du bois. 
 L'étude des phases de contraction et d'expansion, des paramètres physiologiques, 
ainsi que des relations hydriques à différentes températures et échelles temporelles, ont 
montré que les variations radiales ne sont pas seulement influencées par la disponibilité 
en eau, mais aussi par la température. Notamment, la température nocturne se comporte 
comme un facteur déterminant dans l'équilibre hydrique. 
6.7 PERSPECTIVES DE RECHERCHE 
Dans les dernières années, un nombre croissant d'études soulignent l'importance de 
considérer l’effet multiplicatif des facteurs de stress abiotiques sur la croissance et leurs 
implications au niveau écophysiologique sur l'équilibre hydrique et le cycle du carbone. 
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Dans un contexte d'augmentation des changements climatiques, un changement de la 
dynamique de la phénologie du cambium pourrait jouer un rôle dans la dynamique des 
réserves de carbone. En effet, ces réserves sont nécessaires pendant la saison de 
croissance ainsi que pendant la période de repos végétatif. La question concernant la 
croissance et la survie de la régénération naturelle et artificielle est très pertinente face 
aux changements climatiques. Les mesures utilisées dans cette thèse seront importantes 
pour de futures recherches en serre et en pépinière, car celles-ci nécessitent une bonne 
compréhension de l'interaction entre les stress abiotiques afin de déterminer la 
dynamique de l'utilisation de l'eau et le stockage de carbone. Notre design expérimental 
mis en place pourrait être déterminant pour examiner l’effet à court et à moyen terme 
des stress abiotiques qui auraient un impact majeur dans les pépinières, mais aussi dans 
les plantations d’épinettes noires. 
L'épinette noire constitue l'essence la plus utilisée dans le reboisement, car chaque 
année cette espèce compte pour 54% des plants mis en terre au Québec (Gouvernement 
du Québec 2013). L'épinette noire est aussi parmi les conifères qui enregistrent une 
augmentation de la mortalité due aux sécheresses régionales (Peng et al. 2011). Dans un 
contexte de changement climatique et suite à nos résultats sur le taux de mortalité 
(Chapitre II et III), le risque de mortalité lors du reboisement représente un enjeu pour 
les jeunes plantations. Pour ce faire, des études ultérieures en plantation sont 
nécessaires : on propose par exemple de développer des expériences qui consistent dans 
l'application de chambres permanentes en milieu naturel afin d'évaluer les effets d'une 
augmentation de la température de jour/nuit. De plus, une étude de ce genre en milieu 
naturel pourrait permettre de définir les implications physiologiques (respiration du sol 
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et de la plante, photosynthèse) et structurales (formation du bois) liées aux stress 
abiotiques. 
Compte tenu des nouveaux résultats au niveau de la dynamique de la xylogénèse et de 
l’effet des sous-processus dans l’anatomie (Chapitre IV), il serait aussi intéressant 
d’élargir l'étude à d’autres espèces, en milieu naturel (en plantation). En effet, la 
cinétique de différenciation cellulaire et ses effets sur l’anatomie et la densité sont 
inconnue des autres conifères d'intérêt commercial en forêt boréale comme le pin gris, 
l'épinette blanche, le sapin baumier et le mélèze. Cela pourrait aider à comprendre 
quand, à quelle vitesse et combien de temps les processus de la xylogénèse sont 
responsables de l'adaptation des conifères boréaux aux nouvelles conditions 
environnementales. 
L'irrigation précise est essentielle pour le succès de la production et la performance des 
plants. Cet élément, combiné à la fertilisation, est important pour assurer les teneurs en 
eau dans le sol nécessaire pour la survie et la croissance racinaire. La combinaison de 
ces deux facteurs est importante, surtout dans les premières années de vie afin d'éviter le 
lessivage des engrais dans les cultures extérieures, surtout dans les périodes critiques de 
la croissance racinaire, radiale et apicale. Les résultats obtenus sur la phénologie et la 
cinétique du cambium de l'épinette noire (Chapitre IV) pourraient s'intégrer dans une 
étude sur la phénologie de l'allongement des racines fines et à leur mortalité associée à 
certains traitements d'irrigation et de fertilisation. Une telle étude pourrait aider à 
comprendre comment la disponibilité en eau et la fertilité du sol influencent la 
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